


PHYSICO-CHIiMICAl, CAl.CULATIONS 



A SELECTION FROM METHUEN'S LIST 


A CONCISE HISTORY OF CHFMISTRY. By T. F. Ilanncic, i 
D.Sc (Loud.). A.l.C., F.C S. Ciown Svo. 59. I 

1 

elementary chemical theory. M Wm)M(/ki, j 
uENERAL Wiih DiaRraini. Slu nd Mditioii Lrt u>'8^■l^ 5s. i 

HKIHER MATHEMATICS FOR CHEMICAL SIHOEiNrS ; 

B) [. R. FAkUN(»iON, B.Sc Wilh I'orty-foiu ( ruwu 

8vo, 6 b. , 


IN 0 R 6 ANIC 


THE COMF*LE3TE SCHOOL CHEMISTRY. I -. I. M Oi dim i, 
BA Wtih 121 Illusliatioiis Ihirtcenih } ditioii Croviii H\ o, 

7s. 6d. 

A TEXT-BOOK OF PRACITCAL CHEMISTRY. Hv A. h , 

. Di.nstin, 1) Sc , and F B. riioi.i D.Sc.l'CS. Second Edition i 
Grown 8vo, 73. 6il j 

A TEXT-BOOK OF INORGANIC CHEMISTRY. HyCLSiNUu, j 
D Sc, Fh O With many Omgrami 1 ifth Kditinii, K»;\iscd 
Crown 8vo, 8s. 6d ' 

AN INTRODUCTION TO QUANTITATIVE ANALYSIS. By 

S J.M Aulo, D.Sc. (Loud ), Fh D (Wnr^burgl. Ciowii avo, 6a. 


ORBANiC 


A FIRST YEAR COURSE OF ORGANIC CHEMISTRY. 

A K DuNSiiN, D..Si. With 2 Flater. and man' Diagram. 
Croiwi I'vo, 49. 

A SECOND YEAR COURSE OF OROAMC CHEM^TRY. 
Bv F B. Tiioiii, I) Sc., F.CS Crown avo, 49. 6d. 

A THIRD YEAR COURSE OF ORGANIC CHEMISTRY. 

r. P. HiLDiTtii, D.Sc il.ond.l. Cr .wn Sco, 7 b 6d 

qualitative O.ROANIC ANALYSIS. By F B. Tiioi.l, D Sc 
W ith an Introtniction by A K D> ssi Ci\ D.Sc Crown bio. 

2s. 6d. 

M/ DERN RESEARCH IN ORGANIC CHEMISTRY. Bv F C; 

' Pol■^, B.Sf. iLond.), I'.C<S Second Fdition Crown avo. 7s. 6d. 


PHYSICAL 


A FIRST YEAR PHYSICAL CHEMISTRY. By 1.1^. Hii.nmit, 
D.Sc. (Loud.), F.l C. Crown 8\o, 3s. 6d. 

OUTLINES OF PHYSICAL CHEMISTRY. By G. SENTtn. 
D .Sc., Ph.D. With many Diagrams. Seventh F.dition, Revised 
and Enlarged. 7s. 6d. , 

PRACTICAL PHYSICAL CHEMISTRY. By I B. Firth, M.Sc. 
With Seventy-four Diagrams. Ctown 8vo, 4a. 6d. 

PHYSICO-CHEMICAL CALCULATIONS. By Joseph Kno\, 
D.Sc. Third Edition, Crown 8vo, 48. 6d, 


MEKIURN & CO., LTD., 36 nsSEX^STREHT, LONDON, W.C.2 









PHYSIGOGHEMIGAL 

GALGULATIONS 


BY 

JOSEPH KNOX, D.Sc. 

LECl(!7.'FK IN ( llt,\lTSTK\. I'NIMBNIIV 01 APBRDHbN 


nil!;!' )'DI I I!1N 


METHUEN & CO. LTD. 

36 esse:?^ street W.C. 

EONDON 



. n ’ 


/’. / ' ' I\t 1 // h/' ' 


L:,1 u.u r 

\ . . 


'I h.l A / ' 




5-'!tci c pamn Jaiknghnsi PubUo 
Accn. No. 


Library 




PKEFAOK 


T his collection of physico-cheinical problems is 
based on Abegg and Sackiir’s “Physikaliscb- 
Chemischo Ilechen-aufgaben ” (Saminlung (xbachen). 

The original intention was simply to translate the 
German book, which consists of a short summary of the 
laws and formulae used in the pro])lems, and fifty-twm 
typical problems, with full solutions. With the consent 
of the late Professor Abegg and of Dr. Sackur, however, 
I decided to arrange the subject-matter in chapters d«'a]- 
ing with the main subdivisions of physical chemistry, 
and to write a short introduction to each chapter, deal¬ 
ing with the theory involved in the problems. Most of 
th«*^ problems in the “ Rc'chenaufgaben ” have been re¬ 
tained, a good many additional solved problems have been 
introduced, and a collection of problems for solution (with 
answers) has been added at end of each chapter. 
The size of the, book has thus been more than doubled. 

Most of the problems have beep taken ^irect, or with 
slight modification, froiifthe original literature. 

I shall be grateful to have any errors in the text 
pointed out to me. 

T would take this opportunity of expressing my in¬ 
debtedness to the late Piiofessor Kichard Abegg, and to 
Dr. Otto Sackur, of the University of Breslau, for their 
kindness in allowing me to make use of their “ Bechen- 
aufgaben ” as the basis of this book. 


ABiCRDiaBN, 

December t 1911. 


J. K. 
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PHYSICO-CHEMICAL 

CALCULATIONS 

CIIAJ^TEK I 

GAS LAWS—GASEOllS DISSOCIATION—OSMOTIC l‘UESSURE 

Gas Laws 

relation between tbe prcsBuro, volume and teinpera- 
-I turo of any given mass of gas is expressed by the 
equation 

(\ 

* f 7 '' 

whore P and r aie the piessure and volume norresponding to 
the absolute tomperatiirc T and P' and v' the pressure and 
volume coirespouding to absolute temperature T. The 
absolute tempeiaiure is equal to -f t, whore t is the tem¬ 
perature centigrade. The pressure and volume may be ex¬ 
pressed in any units. 

This relation may also be. expressecLin the ff|:rn 
Pv 

« ^ = constant, or Pv »= constant x T. 

The value of the constant varies with the units of pressure 
and volume and with the mass of gas considered. For the 
gram-molecular quantity oflill gases, however, the value of 
the constant is the same. For a gram-molecule of a gas the 
equation, therefore, becomes 

Pv - BT, 

f 

and fgr n gram-rqoleoules 

(a) Pv «= nET Gay-Lussac, Avogadro) 


1 
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GAS LAWS—OSMOTIC PBESSURE 


P is the pressure of the gas, n the number of grani-moleoules 
or moles present in the volume v, R the gas-constant and T 
the absolute temperature. The numerical value of R varies 
with ihe units of pressure and volume adopted. If we take 
the atmosphere as the unit of pressure and the litre as the 
unit of volume, we obtain the corresponding value of E from 
the fact that one gram-molecule of any gas [n = 1 ) occupies 
22'4 litres at O'" C. (273° absolute) and under a pressure of one 
atmosphere. Then, from ( 2 ), 

1 X 22-4 = 1 X ij X 273 ii - 0-08204. 

Ai%j 

If the pressure is given in milhmetres of mercury and the 
volume in ouhio centimetres, the former must be divideJ by 
760 to convert it bo atmospheres and the latter by 1000 to 
convert it to litres before this value of R can bo used. 

If the total pressure P of a mixture of gases is replaced by 
the partial pressure p of any of its components, the same 
equations hold for each individual gas in the mixture, of which 
the total volume is v (Dalton's law). 


Osmptio Pressure 


For the osmotic pressure tt of a dilute solution of volume 
V, equations exactly analogous to the gas-equations hold, 
namely, 

irV rr'O 

Y “ Y' 

' ' ( 4 ) irt) = nBT. 

TV is the osmotic pressure, n the number of gram-molecules 
of dissolved substance in the volume v of solution, T the 
absolute temperature and R a constant, the value of which 
is the same as in the gas-equation and' numerically equal to 
0*08204 if TT is measured in atmospheres and v in litres. 
The last equation may be written in the form : 



TT 


nRT 

V 


- BTc, 


where c is the concentration of the dissolved substance, ( 0 .g. 
gram-inolecules per litre, if the above units are adopted). 
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Gas LawB—Examples 


PROBiiEM 1.—At i'=J.0°C. and under a pressure of 
650 min. of mercury a certain mass of liydro'^en occupies a 
volume of v 200 c.c. What volume, v, will it occupy at 
t = O' C. and P — 760 mra. pressure? 

Solution 1.—Substituting the numerical values \n equa¬ 
tion (i) we obtain 

760 X V 650 X 200 
273~ " 283 


650 X 200 X 273 
76() X 283“ 


165 c.c. 


PfiOBLEM 2.—What volume will a — 1 gram of oxygen 
occupy at a temperature t *= 100"’ C. and under a pressure 
P = 740 mni. of mercury? 

Solution 2.— If Zl/ is the molecular weight of oxygon, the 
number of gram-molecules present is n = Equation ( 3 ), 
therefore, becomes 

- ^ ar, and n - 
740 

P --=> .jrgQ atmospheres, ilf «• 32, R «■ 0-08201, T « 273 + t 

373. Substituting thiisc^vaiues in the above equation we 
obtain * 


V 


1 X 0-08204 X 373 x 760 
"" 32 X 74^ 


-• 0-0833 litres. 

• # 


PiiOBL]|M 3.—The pressure of the atmosphere at the surface 
of the earth is equal to the weight of a column of mercury 
76 cms. high. With increasing height the density of the air 
diminishes according to Boyle's law. What is the density of 
the air at the heights \ =« 1000 metres, and ==* 3000 metres, 
if the density Sq at the surface of the earth *= 0'00129 ? 
{t = 0* C.). 

Solution 3. —According to Boyle's law the volume of a 
gas at constant temperature is inversely proportional to the 
pressure on it; itp density, i.e. the mass contained in unit 
volume, is, therefore, directly proportional to the pressure. iLet 
ha pressure of the air at the height h metres •> P„ a*^d its 
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GAS r.AWS— EXAMPLES 


density == s. Then, since s is propottional to the pressure 

(1) s = kP,. 

Similarly at the height h + dh, 

(2) s + ds=^ 

Tho differcnoe of the pressures P, ^ ,,, and P, is equal to tlie 
weight of a column of air of height dh (the dilh rence in the 
two heights), and of unit area of cross-section, '.ince the pres¬ 
sure of a mans of gas is defined as equal to the weight on 
unit area. Accordingly we have 

(3) P, - = 5 . dh. 

From (1), (2) and (3) it follows tliat 

ds = - Ic .s .dll, or d log, s ~ - k . dfiy 
and, after integration, 

(4) log, s = - kh + constant. 

At the height h -- 0 we have .v,„ the density of the air 
at tho surface of the earth, and (4'i becomes 

'* log, = constant, 

and, therefore, 

( 6 ) log, s - - kk + log, s,y 

From (1) it follows tljat k is the density of air under unit 
pressure. The value of k can be calculated from the data 
given in the problem, i.e, from the value of the density at 
a pressure of 7b cits, of Hg. 

Using the cm. and the gram* as our units P — *76 x 13*6 
grams per sq. cm. (13*6 is the density of Hg), ^and Sq = 
0 00129 gram per c.c., therefore, 

k •■= 0*00000125'«1-25 x 10^®. 

76 X 13*6 ’ 

Then from ( 6 ) we get, for the heights »= 1000 m. = 
10® cms., and = 3000 m. 3x 10® eras., 

log, fij « - 1*25 X lO^® X /tj +'- 0 g. 0*00129, 

- - 1-26 X 10 - « X 10® + log, 0*00129, 

and, oiianging to common logarithms, 
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log^i - ()-i:{43 X 0 125 + log 0 00129, 

- - 0‘0543 + (0 111 - 3) 

- 0 057 - 3 
Sj = 0 * 00114 . 

log.i'y -- 1-25 X 10“^ X k, f log, 0 00129, 

— V- 1-25 X 3 X 10 ‘ ‘ + log, 0 00129, 
log S 2 - 0-163 + (0111 - 3) - 0-947 4, 

s, - 0 * 000885 . 

If the densfttiea at the lieights h^ and k, ;u’<i reftn-red to the 
density at the (^arth’s surface as unity, then 

_0 00114 _ 

■ 0-00129 
, 0-000885 

"" 01)0129 " 


PuoutjEM 4 (of. pi-( ceding prohleiu). --The volume u of a 
ballouM. whifli js open below, is MOO cubic txiofcres. What is 
its cari-ying-capacity B at tlic heights 1000 in. ami kj, = 
3000 m. when lilled (u) with hydrogen, ( 6 ) with coal gas, if 
the specific gravity of coal gas relatives to air is 0-43, and tliat 
of hydrogen 0-0695 V (c) What must 4)e the volume of a 
balloon filled with hydrogen, so that its carrying-capacity may 
be equal to that of the 1400 c.m. balloon filled with coal 
gas? 

Solution 4.—-The carrying-capacity of a balloon can bo 
calculated from the principle of Archimedes. The balloon 
floats in its position of equilibrium wlien the weight of 
balloon + gas -f car with contents is eeyial to the wiught of 
the air di.'^placed by them. t?’or a first approximation the 
volume o^ the material of tSe car may be neglected in com¬ 
parison with the volume of the balloon. 

If V is the volume of the completely lilled balloon, d the 
density of the balloon gas at the height h, and s the density 
of the air at the same height, Ahen the weight of tho balloon 
-gas = v.dy and that of tho displaced air = y. s. Therefore 
the carrying-capacity B of the balloon = v (s - d). 

Boyle’s law holds both for the balloon gas and for air; 


accordingly ^1 — r’ where d^y 8i are the densities at 

U'rfi 


‘"0 . 


height hy, and s,, the de/lsities at the earth’s surface, 
carrying-capacity at thfe height h^, is, therefore, 


the 

The 
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B, - v(Si - d^) - vsi(l - 
and at the height h.„ 

B, ~ vs, (^1 - 

(a) For hydrojjeii = 0-0695, ttierefore since v =» 

J400 X lO^'c.c. and = 1-14 x 10~ ■* (of. Prol)lem 3), for 
=« 1000 m. =*= 10' Cm. 

= 1400 X 10'5 X 1-14 X 10 - » X 0-93 ^ni. == 1484 ^g-. 
and, similarly, 

B .2 1400 X 10*’ X 0-885 x 10 " * x 093 grn. - 1152 kg- 

{b) For coal gas-i -- 0-43, therefore 


B, 


1400 X 10” X 1-14 X 10 ~ X 0-57 gra. =^910 kg,, 


Bo - 1400 X 10” X 0-885 x 10 x 0-57 gm. - 706 kg. 
(c) Let the volume of the hydrogen balloon be v^, then its 
carrying-capacity li -* Similarly, for a cog’ gas 

balloon ot the same earrying-capacit we have 

B = OT (1 -1 ■ 

d^y dc and are the densities at any given height of hydrogen, 
coal gas and air respectively. hVora these two equations we 


obtain 


dc 


V. 


X 

V 


1 - 




and, therefore, 

V. - 1400 X 


1 - 0-43 1400 X 0*57 


1 ~ 0-0695 


0-93 


858 c.m. 


Pboblbm 5 (of. preceding problem) ,-ir-If the balloon of 
1400 c.m. capacity is filled completely at ^he earth’s gurface 
(a) *with hydrogen, ( 6 ) with coaFgas, how many grams of 
gas ar€* in each case lost when it ascends to the heights » 
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1000 m. and k., = 3000 m. ? How many kilograms of ballast 
must be t'itrown out so that the complotol}’' filled balloon 
may rise from its equilibrium position at the height 
1000 m, to that at = 3000 m,, (c) when filled with hydro¬ 
gen, (d) when filled with co.al gas ? 

SoiiDTiON 5. — The weight of gas lost on ascending to the 
height /ij is Gj = v {dQ - d{) grams, and on ascending to the 
height /i;, it is Go -- v [d^^ - grams, where and d., are 
the densities of the gas at the earth’s surface, at the height 
and at the height respectively. 

(a) For hydrogen 

d, - - 0-0695 f0‘00129 - O'OOl 14) 

= 0 0695 X 0 00015 « 104 x 10 
and - d., = 0 0695 (0-00129 - 0-000885) 

-- 0-0695 X 0-000405 - 2-8i x 10 ' ^ 

therefore the loss of weight 

(ii - 1400 X 10« X 1-04 X 10 » gm. - 14-56 kg., 
and Ci.^, --- 1400 x 10® x 2-81 x 10 ''' gm. - 39-3 kg. 

(/;) Similarly, for coal gas 

(i; 1400 X 1(V’ X 6-45 X 10“^ gm. ---- 90-3 kg., 

and (l.j 1400 x 10® x 1'74 x 10 gm. = 243*5 kg. 

Xlie weight of ballast which must Be thrown out is equal 
to the difference between the carrying-capacities at the 
heights h^ and and is, therefore, 

(c) for hydrogen* 1484 - 1152 = 332 kg. 

(d) for coal gas, 910 -# 706 = 204 kg. 

The throwing out of a given weight of ballast has, there¬ 
fore, more effect on the coal-gas balloon than on the hydrogen 
balloon. 

Gaseous Dissociation—Examples 

, Fboblem 6 .—At 90° C. the vapour-density of nitrogen per¬ 
oxide (N 2 O 4 ), is 24*8 (referred to H 1 ). Calculate the 
degree of dissociation into NOj molecules at this temperature. 

Solution 6 .—Let D be tke theoretical vapour-density if no 
dissociation occurred, and d the observed vapour-density. If 
one molecule of the dissociating substance gives on dissociating 
n simpler molecules, and if a is the degree of dissociation, then 
at equilibrium 1 a undissociated molecules and na simpler 
molecules are present for every molecule of undissociated 
substance initially present. The total number of molecules 
is, therefore, l--a + wa*il + n(w - 1). The •volume 
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occupied by the gram-molecular quantity of undissooiated 
substance is, tlierofore, 1 + a(n - 1 ) times as great as it 
would have been, had no dissociation occurred. But the 
density of a given mass is inversely proportional to the 
volume, therefore, 

D 1 + a{n - 1 ) 

i- 

and 

(D - d) 

“ “ d(7l - 1 )' 

In the dissociation of N.JO 4 according to the equation 


N 2 O 4 = 2NO.„ 

n = 2, D = ^ 46, therefore 

(D - d) 46 - 24’8 „ 

a ' -, ~ -= 0 - 8547 . 


d 


24*8 


Problem 7.—-When a ~ 5 grams of ammonium carbamate 
NH^CO.jNH^, is completely vaporised at t 200 ° C., it occu¬ 
pies a volume v ~ 7-66 litres mider a pressure P of 740 mm, 
of mercury. Calculate the degree of dissociation according 
to the equation ' , 

NH 4 CO.,Nn 2 - 2 NH 3 -H CO.,. 


Solution 7.—If M is the molecular weight of ammonium 


carbamate, a grams ^ gram-molecules. Let a be the de¬ 


gree of dissociation. Then since one molecule on dis¬ 
sociating gives^ 2 a moleaules of and a molecules of GOg, 
whilst 1 - a molecules of undissopiated substance‘remain, 
the total number of molecules at equilibrium derived, from 1 
molecule of undissooiated substance is 1 - a + 3a = 1 + 2a 

(JL 

molecules. Erom molecules of undissooiated substance 

M 

« 

there are, therefore, derived (1 + 2a) moleoules. The 

M 


equation 

therefore, becomes 


Pv = nET, 


^ (1 + 2ijBT. 
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il/ = 78 arii^ P = atmoa. Substituting the numerical 
values we, therefore, obtain 

X 7-66 - ™ (1 + 2a) X 0*08204 x 473. 

700 7 o 

a = o‘9Q9. 

The compound is, therefore, completely disanciiited. 


Osmotic Pressure—Example 

Prohlem 8 .—A Rolution of glucose coiitainiug a — 3G 
grams per litre gave an osmotic pressure tt -- 4*77 atiiiO' 
spheres at i = 25° C. What is the molcculai* weight M of 
glucose ? 

Solution 8.— If a is the weight of substance in solution, 
and M its molecular weight, the number of dissolved mole¬ 
cules is w =* Equation ( 4 ) therefore becomes 


a 


and 


trV 


M 


■ M 

am 

TrU 


UT, 


Substituting the numerical values in this equatiosrr we 
obtain 

„ 3G X 0*08204 x (2f3 + 25) 

M - .j -. „ ,84-s. 


Problem# for Solution 
&as Laws 

Pboblem 9.- At 0°C. and 7G0 mm. pressure the volume 
occupied by 1 gram-moleculc of oxygen is 22 4 litres. Cal¬ 
culate the numerical value of the gas-constant E when the 
units of energy are ( 1 ) the* litre-atmosphere, ( 2 ) the grarn- 
centimetre, (3) the erg, (4) the gram-calorie, (5) the joule. 
Given: density of mercury = 13*59, gravity-constant = 
981, 1 gram-calorie = 42720 gram-centimetres = 4*183 joule. 

Ans. (1) 0*68204, (2) 84720, (3) 0*8312 x 10» 

(4) 1*^84, (5) 8*301. 

Problem 10. —At 10° C. and under a pressure t>f 1000 
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grams per square centimetre, a certain mass of carbon 
dioxide occupies a volume of 30 cubic inches. volume 

will it occupy at 20" G. and under a pressure of 850 grams 
per square centimetre? 

Ans. 36’55 cubic inches. 

> Problem 11.—An open vessel at a temperature of 10" C. is 
heated at constant pressure to 400" C. What fraction of the 
weight of air originally contained in the vessel is expelled? 

Ans. 0-5794. t 

Problem 12.—If the vessel in the preceding problem had 
been closed, and originally contained air at atmospheric pres¬ 
sure, what pressure would have been developed on heating to 
400" C.? 

Ans. 2-378 atmos. 

Problem 13.—From a porcelain bulb of volume ]97’8 c.c. 
filled with air, 109*I c.c. of air, measured at 10" G., were 
expelled on heating from 12" G. to f G. The pressure 
throughout the experiment was 747 ram. Neglecting the 
expansion of the bulb, calculate t. 

Alls, t ---- 1772" G. 

Problem 14.—A bulb of 111-5 c.c. capacity connected witli 
a mercury maTiometer was heated to 100" G. whilst open* to 
the atmosphere. When the temperature had become con- 
stau^jjJ)he atmospheric connexion was closed, and a capsule 
containing 0-0448 gram of acetoiib dropped into the heated 
bulb. The volume was kej^jt constant by increasing the pres¬ 
sure by raising the reservoir of the’ manometer. The final 
ditTerence of level was 16-1 cms. Calculate the raolecular 
weight of acetone. * * 

Ans. 57-65*. 

Problem 15.—Half a gram of an organic compound of 
empirical formula gave 327*6 c.c. of vapour at 200" C., 

and 760 mm. pressure. What is the molecular formula of 
the compound? ‘ 

Ans. 

Problem 16.—At 17" C. 40 grams of electrolytic gas are 
contained in a 60 litre gas-holder. What are the partial 
pressures of hydrogen and oxygen? 

Ans. 0-8812 atmos., p^^ = 0*4406 atmos. 

Problem 17. —The composition of air by weight is 23 per 
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cent, oxygen and 77 per cent, nitrogen. What are the partial 
pressures ftf oxygen and nitrogen in a vessel of 1 litre capacity 
which contains 2 grams of air at 15° 0. ? 

Ans. 0’3397*atmo8., =“ l-'299 atmos. 

Problem 18.—What weights of hydrogt-.n, oxygen, and nitro¬ 
gen are contained in 10 litres, measured at 18° (h and 750 mm., 
of a gaseous mixture, the voluraetrio composition of which is 
H, - 10 per cent., Oj = 15 per cent., N.^ = 75 per cent.? 

Ans. Hj - 0*0826, O 2 = 1*985, N.^ - 8 084 grams. 

Gaseous Dissociation 

Problem 19. —At 26" C. the vapour -density of nitrogen 
peroxide is 38, referred to hydrogCTi as unit. Calculate the 
proportion of N 2 O 4 molecules to NO., molecules in the vapour 
nt this temperature. 

Ans N., 04 /N 0 ,> = 1*869. 

Problem 20.—The vapour-density of bromine (at. wt. ^--80) 
at 1000° C. is 76*94 (H 1). What is the degree of dis.sociation 
of diatomic into monatomic molecules at this temperature ? 

Ans. 4 per cent. 

^Problem 21.—At 70° 0. and undei’ atmosphei ic pressure 
NoO.^ is 65*6 per cent, dissociated into NO^. What volume 
will 10 grams of N 2 O 4 occupy under these conditions? 

Anf. 5*065 litres. 

Problem 22.—The vapour-density of nickel carbonyl, 
Ni(GO) 4 , is 83*3 at 63° G. and 70*8 at‘l00° C. Calculate the 
percentage dissociation at these two temperatures (Ni =* 58), 

Ans. O'7 per eftnt. and 6*^>6 per c(*it. 

Problem 23.—At 200° G. and atmospheric pressure the 
vapour-density of PClg is 70 (H = 1 ). Calculate the degree 
of dissociation of the PCI 5 vapour. What are the partial 
pressures and concentrations in gram-molecules per litre of 
PCI 5 , PCI 3 and CI 2 , when gram-molecule of PCI 5 is heated 
under atmospheric pressure to 200° C. ? (P = 31, Cl => 35*5). 

Ans. Dissociation = 48*9 per cent. 

Partial pressui^s. PCI5 = 0*3431 atmos., PCI3 and OU 
0*3283 atmos. 

ObncentratioiJB. PCI5 •= 0*008841, PCI3 and OI 2 =0*008461. 

Problem 24.—When ammonium carbamate, NHjCOaNH.j, 
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is heated, it dissociates completely into 2 NH 3 + ^^ 2 * What 
volume will be occupied by the gaseous product^ from 7 ’B 
grams of ammonium carbamate at 100® G. and 740 mm. 
pressure ? 

Ans. 9’428 litres. 

Osmotic Pressure 

Pboblem 25.—At 10° C. the osmotic pressure of a solution of 
urea is 500 mm. of mercury. If the Bolutiori is diluted to 
10 times its original volume, what is the osmotic‘pressure at 
15° C. of the diluted solution? 

Ans. 50*89 mm. 

Proulpjm 26.—At 20° C. the osmotic pressure of a cane sugar 
solution IS 800 inm. of mercury. What will it be at 0° C. ? 

Ans. 745*4 mm. 

Pkoulbm 27.—At 21-8'’ C. the osmotic pressure of a cane 
sugar solution containing 68*4 grams per litre was 4*81 atmos. 
Calculate the iiumerical value of the constant R when the 
units of pressure and volume are the atmosphere and the litre. 

Ans. B ~ 0 0816. 

Problem 28.—The osmotic pressure of a solution of 0* 184 
gram of urea in 100 c.tt. water was 56 cms. of mercury /it 
30° C. Calculate the molecular weight of urea. 

Ans. 62*03. 

ProbIjEM 29.—What is the osmotic pressure in atmosplieres, 
at 24*2° C. of a solution of glucose containing 0*5 gram-mole- 
oule per litre ? 

Ans. 12*2. 

Problem 30.*-, At 24°* C. the oanotic pressure of a cane 
sugar solution is 2*51 atmos. WhatJ is the concentration of 
the solution in gram-molecules per litre ? 

Ans. 0103. 

Problem 31.—At 25*1° C. the osmotic pressure of a solution 
of glucose containing 18 grams ‘per litre was 2*43 atmos. 
Calculate the numerical value of the constant B when the 
unit of energy is the gram-centimetre. 

Ans. B = 84300. 

Problem 32.—At 18° C. a 0*6 N-NaCl‘ solution is 74*3 
per OQut. electrolytioally dissociated. Whali would be‘the 
osmotic pjressure of the solution in atmospheres at 18° 0 . ? 

Ans. 20*79. 
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PiiOBLEM 38.—A Bolutiion containiug 3 grtim-moiecules of 
cane sugaP per litre was lound by the plasrnolytic method to 
he isosmotic with a solution of potassium nitrate containing 
PS gram-molecules per litre. What is the degree of dis¬ 
sociation of the potassium nitrate? 

Ans. 0 ()7. 

Problem 34.—A solution containing 1-9 gram-molecules of 
calcium chloride per litre is isosmotic with a solution of 
glucose cotitaining 4 05 gram-molccules per litre. What is 
ihe degree of dissociation of the calcium chloride? 

Ans 0-56b, 

Problem 35.—In a solution containing 1 gram-molecule 
of potassium bromide in 8 litres, the salt is 82 per cent, dis¬ 
sociated at 25" 0. What is the osmotic pressure of the 
solution at this temperature ? 

Ans. 5'56 utmos. 



OHAPTBB II 


DENSITY AND SPECIFIC VOLUME OF SOLIDS, LIQUIDS, 
LIQUID MIXTUBES AND SOLUTIONS 

Definitions 

''’PHE density d of a substance at a given temperature t is 
A the weight of a given volume of it compared with the 
weight of the same volume of water at 4° C.; or it is the 
mass of unit volume of the substance (gj'arns per o.c.). This 
is usually written d[. 

The reciprocal of the density, the specific volume or volume 
of unit mass, mV— 1/d, and in the usual units gives the 
volume in c.c. occupied by one gram. 

For many liquid mixtures and solutions the volume of the 
mixture is equal to, or approximately equal to, the sum of the 
volumes of the components, so that the specific volume, and, 
therefore, the density 'of the mixture may be calculated frjujm 
those of its components by the mixture-formula. Conversely, 
the approximate composition of the mixture may be calcu¬ 
lated from its known specific volume or density and those of 
its oomponenis. Thus if t|i|e specinc volume of the substance 
A is Vx aud that of the substance B is the specific volume 
Vjg of a mixture of A and B containing p per cent, by weight 
of A is given by the formula 

(i) 100 = pr, +‘(A0o - p)V^ 

The more closely chemically related the componedts are, 
the more accurately, as a rule, does the formula reproduce 
the actual rasults- 

Density and Speoifio Vblume—Examples 

Pboblem 36.—The density of a c « 0-628 molecular N-urea 
solution is d » 1*0104. How many grama of water per gram 
of urea does the solution contain? Wh|iit is the speoifio 
volume V of urea in the solution? 

SowJTioN 36.—A c molecular N-solution dbntains c3f ^ms. 
per litre,cif M is the molecular weight of the dissolved sab« 
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atance ; a litre of the solution weighs 1000 d gms., and there¬ 
fore contains 

1000 d - cM gms. of water. 

The G N-urea solution, therefore, contains per gm. of urea 

1000 d - cM 


1000 


cM' 

X 1‘0104 - 0-628 X 60 


= 30*9 gms. of water. 


0-67 0 . 0 . per gm. 


0-528 X 60 

The specific volume V of urea in the solution is the volume 
in o.c. occupied by 1 gm. Now 1000 c.c. of the solution 
contain (1000 d - cM) gms. of water which occupies (1000 
- r.M) C.C., if it is assumed that the specific volume of tlie 
water is not changed by solution. The volume occupied by 
( .1/ gms. of urea is, therefore, 1000 - (1000 d ~ gM) c.c. 
Hence the specific volume is 

1000 - 1^000 d + cM 
V - - - 

_ IQQQ - JQIQ'4 + 31-7 
81-7 

Problem 37.—What is the normality of an a — 4 per cent. 
(by*weight) cane sugar solution, if the speoiric volume of solid 
cane sugar is V = 0'615, and if no change of volume accom¬ 
panies solution? 

Solution 37.—Let the density of an a per cent, cane sugar 
solution =- d. Then a litre of th i solution weighs 1000 d 

gms. In these 1000 d gms. there are = iQ x 

ad gms. of cane sugar. If (If is the molecular ;veight of cane 

sugar tl»e normality of the solution is c -=^ 

d is calculated as follows; the volume of 1 litre of solution 
is equal to the sum of the volumes of the dissolved sugar and 
of the water used for its solution. A litre of solution contains 
10 X ad gms. of sugar, of which the volume is 10 x adV c.c., 
and (1000 d - 10 ad) gms. of water, of which the volume is 
(1000 d - 10 ad) c.c. Therefore 

1000*^- 10 adV + 1000d ~ lOad 

and 

^ 1000 


Cftarpar#! Jaikrishr-. T^uhli 


10a(F - 1)+ 1000 






r\ 


library 
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Tiic iwruiAlity of the solution is, therefore, 


1000 a 

{a(V~ 1) + 106]M’ 


JOOO X 4_ 

(100"- 4 x'0 385)342 


0*119 gram-molecule per litre. 


Problem 38. — What is the spoeilic volume of potassium 
liycht)xi(lc in a solution which contains I gram-molecule of 
KOH in 1000 grams of water, and of which tk.e density is 
d 1’052, if the density of water is taken -- 1-000, and if it 
is assumed that the specific volume of water is not changed 
by the process of solution ? 

Solution 38.—If M is the molecular weight of KOH, 
then 1000 1 - 71/ grams of the solution occupy a volume of 


1000-t M 
d~ 


c.c. 'L'he volume of the water used in making the 


solution is 1000 o.c,, therefore the volume of the dissolved 


KOH is 129- - 1000 c.c. The specific volume of the 

it 

dissolved KOH, i.e. the volume 111 o.c. occupied by 1 gram 
of KOH, is, therefor(i. 


1000 + M - 1000 d 1000 + 56-15 - 1052 
■ " ■ Md " ,)6-15 x 1*052 


0’07 c.c. per 


gram. The smallness ol this vakie makes it probable that 
the assumption, that the v’^ter does not change it.s volume in 
the process of solution, is inadmissible, 

Pboblkm 39 .—tor carbon disulx^hide is 1*264, and for 
ethyl alcohol 0-7963. What its value for a mixture of 
carbon disulphide and alcohol cotitaining 79-82 p3r cent, of 
the former? 

Solution 39.—Since V — 1/d we may write formula (i) in 
the form 


^0 _ p) 

dji dj^ dn 

p — 79-82, dx =■ 1*264, dj, = 0-7963, therefore 
W0__ 79-82 20T8* 

d,; “ T*2L4 0-7963’ 


and d,M n^o (Observed, 1122.) 
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Problems for Solution 

Problem 40.—The density of a 2-31 per cent, solution of 
ammonia is 0’990. What is the concentration of the solution 
in gram-moleoules per litre ? 

Ans. 1'345. 

Problem 41.— for a 10 per cent. NH^Cl solution 1-029, 

for solid NH^Cl = 1-536, and for water = 0-9974. Calculate 
the change o^volume per 100 grams solution in making a 10 
per cent solution of NH^Cl. What is the spocilic volume of 
NH^Cl in the solution, if that of the water remains constant ? 

Ans. Expansion = 0-48 o.c. per 100 grams solution. Sp. 
vol, NH^Cl = 0 699 o.c. per gram. 

Problem 42.—The density of a 4-526 per cent, solution of 
-FIgOJ.j in water at 16’ G. = 1-038, and that of an 11-88 pe^- 
cent. solution in alcolml at 16® C. — 0-8857. The density of 
water at 16® 0. = 0-9979, and of alcohol -- 0'7939. Calcu¬ 
late the concentration of each solution, and the specific 
volume of llgCl^ in each. Assume no change in the specific 
volume.s of the water and alcohol on solution. 

Ans. Cone, aqueous solution = 0-1735' gram-raoleculo per 
litre. Cone, alcoholic solution = 0*3883 gram-molecule per 
litre. 

Sp. vol. in aqueous solution = 0-1575 o.c. per gram, in 

alcoholic solution 0‘1635 o.c. pei;, gram. 

« 

Problem 43.—For a 5-18 per cent, solution of phenol in 
water = 1-0042; for water = 0-9991. What is the 
concentraljj^on of the aolution^n moles ^er litre, #md in moles 
phenol per mole water? ‘What is the specific volume of 
phenol in the solution, if the specific volume of the water is 
assumed to remain constant ? 

Ans. Cone. == 0-5534 mole per litre = 0*01046 mole phenol 
per mole water. 

Sp. vol. = 0*9363 c.c. per gram. 

Problem 44.— d^^ for ethyl alcohol =» 0*7936, for water ■■ 
0*9991, and for a 50^per cent, solution of al^hol in water *= 
0*9180, What is the contraction on mixing 50 grama of 
alcohol with 60 grams of water at 16® C. ? Assuming "the 
specific volume of the water to remain constant, compare the 
2 
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specific volume of pure alcohol with that of the alcohol in the 
solution. 

Ans. Contraction 4'16 c.c. Sp. vol. of pure alcohol =« 
1*260, of alcohol in the solution == 1*177 c.c. per gram. 

ProbijEM 45.—for ethylene dibromide == 2*183, for 
propyl alcoliol = 0*8066, and for a solution of p per cent, 
ethylene dibromide in propyl alcohol = 0*8608. Calculate 
the value of p. 

Ans. 10*10. (Observed, 10*01.) 

Problem 46 (cf. preceding problem).—Calculate the density 
at 18*7° C. of a 20*95 per cent, solution of ethylene dibroinide 
in propyl alcohol. 

Ans. 0*9292. (Observed, 0*9291.) 

Problem 47.—for carbon disulphide = 1*264, for ethyl 
alcohol =» 0*7963 and for a 50*77 per cent, solution of carbon 
disulphide in alcohol = x. Calculate the value of x. 

Ans. 0*9804. (Observed, 0*9718.) 

Problem 48.—for aniline = 1*025, for ethyl alcohol 
— 0*8081 and for a p per cent, solution of aniline in alcoliol 
=» 0*9763. Calculate p. 

Ans. 81*34. (Observed, 79*24.) 

Problem 49.—for benzene,* 0*8814, for ethyl alcohol 
= 0*7930. What is its value for a 21*12 per cent, solution of 
benzene in alcohol ? 

Ans. 0*8104. (Observed, 0*8106.) 

Problem fO (cf. preceding problem).—The density of a 
p per cent, solution of benzene in*^alcohol at 20° C. is 0*8604. 
What is the value of p ? 

Ans. 77*94. (Observed, 79*10.) 



CHAPTER III 

SPECaFIC AND MOLECULAR REPRACTIVITY 

Definitions 


'"pHE refractive index w of a substanoo for light of a given 
J- wave-length, varies with the temperature, but the ex- 

pressions —— (Glad-.tone and Dale), and ---. 

a + 2 a 

(Lorentz and Lorenz), where d is the density of the substance 
at the tempoi'ature at which n is measured, are, for a given 
substance, almost constant and independent of the tempera¬ 
ture. This is especially the case with the latter expression^ 
which remains approximately constant even for different 
states of aggregation of the substance (c.g« litjuid and vapour). 


The value of 


n - 1 


or of 


n' 


, is called the specific 

d n " -h 2 d 

refractive power or specific refractivity of the substance. 


1 

d 


If 


the specific refractivity is multiplied hy the molecular weight 
M of the substance, the molecular refractivity (i) ~ l)il^ 

ilf 
d 


d 


f \ M - 1 


is obtain^. The nagileoular refractivity 

of a compound may be calculated from the atomic refrac- 
tivities of its component elements. For monovalent elements 
(e.g. Hg, Cl.g, Brg) the atomic refractivity is practically con¬ 
stant and independent of the nature of the other elements 
Vith which they are united. For polyvalent elements (e.g. 
0.g, C, Ng) the value of the atomic refractivity varies with the 
mode of union to the other elements of the compound, but 
is constant for a given mode of union. Thus in the case of 
carbon the atomic refractivity of a singly bound (saturated) 
carbon ^tom is different from that of a doubly or trebly linked 
carbon atom. This can be allowed for by assi^ing a definite 
“ atomic ” refractivity to an ethylene (double) and "bo an 
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acetylene (triple) bond. The molecular refractivity, as cal- 
(3ulated from the refractive index, may, thereforS, sometimes 
serve as a guide to the constitution of a compound. The 
following are the atomic refraotivities for the D lino (sodium 
light), calculated according to Lorentz and Lorenz's formula, 
of the elements required in the following problems. Carbon 
(singly bound) = 2'501, hydrogen - 1*051, oxygen in a 
hydroxyl (- OH) group = 1*521, oxygen in ethers = 1*683, 
oxygen in a carbonyl (>C = O) group «= 2*287, chlorine == 
5*998, ethylene bond = 1*707, acetylene bond ^ 2*10. 

RefraotiYity of Mixtures 

The specific refractivity of a homogeneous mixture or 
solution may be calculated (as a rule with close approxima¬ 
tion to the observed value) from the specific refraotivities of 
its components by the mixture-formula (cf. specific volume). 
Thus if is the refractive index of substance A, Wb tJbal' of 
substance B and that of a mixture containing p per cent, 
by weight of A, all for light of the same wave-length, and 
dj and dj* the corresponding densities, we have, using Glad¬ 
stone and Dale’s formula, 

«'M - 1 __ - 1 V - 1 (100 - p) 

d„ " d .4 ■ 100 dj, ■ lOd 'r 

or, using Lorentz and Lorenz’s formula, 

< - 1 1 - 1 ^ ^ - 1 (100 - p) 

+ 2■ d^ “ 2' 100d^ 2 ' 100d* ‘ 

Conversely, if the specific refraotivites and densities of the 
mixture and its components are known, the composition of 
the mixture nmay be ealoulated.(, 

Refractivity—Examples 

pROBLEu 51. —For propionic-acid = 1*0158 and »i>, the 
refractive index for sodium light, = 1*3953. Calculate the 
molecular reixacilvity of propionic acid by Lorentz and' 
Lorenz’s formul,a and compare it with 'the value calculated 
from the atomic refraotivities given above. 

Solution 51.—Af, the molecular weight of propionic acid, 
«> 74. Substituting the numerical valqes in formula (a) we 
obtain 

(l-3963)« - 1 . 74 " ^ 

(1-3963)* + 2 ** rsiss ” 

for the molecular refractivity. 
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From the .atomic refraotivities we obtain for 

3 carbon atoms =* 3 x 2*601 =» 7'503 

6 hydrogen atoms =« 6 x 1*051 = 6*306 

1 hydroxylic oxygen atom = 1 x 1*621 -- 1-521 

1 carbonyl oxygen atom « 1 x 2*287 == 2-287 

Molecular refractivity = 17 * 62 . 

PnOBLEM 62.—d™ for ether = 0*7208, for ethyl alcohol = 
0‘7935 and for a mixture of eLher and alcohol containing p 
per cent, of alcohol = 0-7389. At 20° C. the refractive indices 
for sodium light are, for ether 1-3536, for alcohol 1*3619, and 
for the mixture 1-3572. Calculate the value of p, using the 
Gladstone and Dale formula. 

Solution 52.—Substituting the numerical values in equa¬ 
tion ( 3 ) we obtain 

(1-3672 -1) (1*3619 - 1) p 

0-7389 “ 0*7936 * 100 

. (1*3636 - Ij (100 - p) 

0*7208 ■ “ 100 ’ 

.*. p — ao' 81 . (Observed, 20*71.) 

Problemii for Solution 

Pboblbm 63.—At 17 - 4 ° the reifactive index of methyl 
alcohol for sodium light (?7.p) = 1*3297 and its density = 
0-7945. Calculate the molecular refractivity according to both 
(a) Gladstone and Dale’s, §nd (6) Lorentz and Lorenz’s 
formula, sftid ( 0 ) compare the value for the la^r with that 
oaloulatefl from the atomic refractivities. 

Ans. {a) 13*27, {b) 8*21, (c) 8-23. 

Pboblem 64.—“ for liquid hydroxylamine =» 1*206 and 
til, — 1*4405. (a) dalculate the molecular refractivity (L. and 

L.). ( 6 ) What is the atomic refractivity of nitrogen in the 

compound ? 

Ans. (a) 7*23, (6) 2*556. 

Problem 55.— At 20° the density of chloroform « 1*4823, 
and the refractive fades for^the D line 1*4472. Given,the 
atomic refractivities of carbon and hydrogen, calculate that of 
ohlorine (L. and L.). 


Ans, 6’992. 



22 


EEFBACTIVITY—PBOBLBMS 


Problem 56.—At 20” the substance OoH^O has a deosiiy of 
0 8005 and a refractive index for the D fine of 1*3641. Using 
Ijorentz and Lorenz’s formula, determine whether it has the 
constitution (a) CHj; CH * OHgOH, or (6) CHj • CO * CH,. 

Ans. (b). 

Problem 57.—At 17*5” the density of ethyl alcohol = 
0 8020, and its refractive index for the D line » 1-3619. At 
17-8” the density of normal propyl alcohol = 0*8074, and its 
refractive index for the D line =* 1*3861. From these data 
calculate the molecular refractivity of normal butyl alcohol 
according to Lorentz and Lorenz’s formula. 

Ans. 22-20, (Observed, 22*11). 

Problem 58.—For ethyl acetate * = 0-9028 and Md 
1-3742. {a) Calculate the molecular refractivity (L. and L.), 

and (b) compare it with the value calculated from the atomic 
refractivities. 

Ans. (a) 22*27, (6) 22-38. 

Problem 59.—Forcinnamyl alcohol 

. CH ; CH . CHgOH, “ « 1*0555 and » 1-5763. 
(a) Calculate the njolecular refractivity (L. and L.), and (6) 
compare it with the value calculated from the atomic re- 
fraotivities. 

Ans. {a) 42*03, (6) 41-37. 

Problem 60.—At the temperttiure t the density of water is 
d\ and the refractive indtx for sodium light ?Id- From these 
data test the constancy of the specific refractivity as calculated 
by Gladstone and Dale's, and Lorentz and Lorenz’s formula. 


♦* i 


no 

20 ” 

0-99823 

1-3330 

40” 

0-99224 

1-3307 

80“ 

0-97183 

1-3230 


Problem 61. — The specific refractivity (L. and L.) of 
glycerine for the C line = 0*2219, and of propyl alcohol «» 
0*2903. From these data calculate the atomic refractivity of 
hydroxylio oxygen for the C line. 

Ans. 1*60, 

Problem 62.—At 18-07” the density of ^ethylene dibromkie 
te <3*1830, of propyl alcohol « 0^0659, imd of a miiture of 
the two containing p per cent, by weight of dibromide 
P'8608l* At the seme temperature the refi^^yei 
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the dibromide for the D line = 1*6404, of propyl alcohol « 
1*3862 and 6f the mixture «= 1*3919. Calculate the value of 
jp, (a) using the Gladstone and Dale formula, (&) using the 
Lorentz and Lorenz formula. 

Ans. (a) 1017, (b) 10*16. (Observed, 10*01.) 

Pboblem 63.—At 18 07* the density of a mixture of ethylene 
dibromide and propyl alcohol containing 20*95 per cent, of the 
former is 0*92908. From the data in the preceding problem 
calculate its refractive index for the D line (a) according to 
Gladstone and Dale’s formula, (b) according to Lorentz and 
Lorenz’s formula. 

Ans. (a) 1-399R3, (b) 1*39932. (Observed, 1*39913.) 

Problem 64.—At 20“ the density of other == 0*72078, of 
benzene = 0*87963, and of a mixture containing p per cent, 
of benzene 0*75299. The corresponding refractive indices 
are (for sodium light), ether = 1*36360, benzene == 1*49996, 
mixture = 1 *38227. Calculate the value of j? by the Gladstone 
and Dale formula. 

Ans. 21*96. (Observed, 21*06.) 

Pboblem 65.—At 18*07“ the density of a 6 per cent, sodium 
chloride solution = 1*0345 and the refmotive index (D line) 
= 1^3423. At the same temperature the density of water 
» 0*99866 and the refractive index ~ 1*3336, Calculate the 
specific refractivity of sodium chloride (Gladstone and Dale). 

Ans. 0*27^ 

Pboblem 66. —At 18*07” the density of a p per cent, sodium 
chloride solution = 1*0201 and the refractive index = 1*3388. 
Using the result obtained in the preceding problem, calculate 
the value ^fp (G. and D.). 

Ans. 3*006. (Observed, 3*000). 

Pboblem 67.—At 21*8“ the density ot water = 0*9978 and 
of a 6*80 per cent, sodium sulphate solution - 1*0696. At the 
same temperature the refractive index of water for sodium 
light » 1*33308 and of the solution » 1*34291. Calculate the 
specifio refractivity of sodium sulphate by the Gladstone and 
Dale formula, 

^ Ans. 0*18382. 

pROBtiBM 68.—At 21*8” the density of a p per cent, sodium 
sulphate solution 1*0782 and «« 1*34571. From the data 
in we preceding problem calculate the value of p. 

Ans. 8*78. (Observed, 8 80.) 



CHAPTER IV 

MOLECULAR WEIGHT FROM LOWERING OP VaPOUK-PRES- 
SURE, LOWERING OF FREEZING-POINT AND ELEVATION 
OF liOILING-POINT.—DEGREE OF DISSOCIATION OF ELEC¬ 
TROLYTES.—MOLECULAR LOWERING OF FREEZING-POINT 
AND ELEVATION OF BOILING-POINT FROM LATENT HEATS 
OF FUSION AND EVAPORATION 


Molecular Weight from Lowering of Vapoar-pressare 


T he relative lowering of the vapour-pressure of a pure 
solvent by a dissolved substance is equal to the ratio of 
the number of molecules of dissolved substance to the number 
of molecules of solvent in the dilute solution (Baoult), that is, 


r 


(I) 


Po 


n 

N' 


where is the vapour-pressure of the pure solvent, p that of 
the solution at the same tempertlfcure, n the number of mole¬ 
cules of dissolved substance, and N the number of moL oules 
of solvent in the solution. Pq and p must, of course, be 
measured in the same unit, but, since we are here dealing 
with a ratio, the unit chosen fs immaterial. 

This relation may be used as follows for the determination 
of the molecular weights of dissolved substances, a is the 
weight of the dissolved substance, and h that of the solvent 
in the solution, m the molecular weight of the dissolved 
substance, and M that of the solvent in the gaseous statefi 

then the number of molecules of dissolved substance 

m 

and the number of molecules of solvept » ^ 


ft 


n a/m taM 
s'* blM~ bm- 
U 


Therefore 
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Vapour-pressure and Temperature 

The relation between the yaponr-pressure of a liquid and 
the temperature is expressed by the equation (Clausius), 

JlJi 


p is the vapour-pressure of the liquid at the absolute tempera¬ 
ture T, L the molecular heat of evaporation of the liquid, and 
R the gas-constant, the numerical value of which is 1'985 
(in round numbers 2 ) when the gram-calorie is the unit of 
energy. 

If we assume that L is independent of the temperature and 
integrate equation ( 3 ) between the temperatures and 1\^ 
we obtain 


( 4 ) log. p^- jfi ' 2 'J “ i? V 'i'o'ii )’ 

where and pj are the vapour-pressures corresponding to 
the absolute temperatures Tq and or, converting the natural 
to common logarithms, 


(5) log - log po log Pi - g.322 (‘ ^)- 

Por small intervals of temperature the assumption that L 
is constant will, in most cases, be practically true. For larger 
intervals of temperature L may be taken as the latent heat 

at the mean temperature ^ Since in equation ( 5 ) 

we are concerned only with the ratio of the vapour-pressures, 
Po and pj may be expressed in any unit. 


VapouF-ppesBure'-ExampleB 

FbobIiEM 69.—What is the concentration, in gram-mole¬ 
cules per 1000 grams water, of an aqueous solution which at 
tQ = 100*42® C. has a vapour-pressure p = 758*2 mm. of 
mercury? The molecular heat of evaporation of water is 
£f sa — 9600 oal. 

Solution 69.—The problem can be solved by equation ( 1 ) 
if the vapour-pressure Pq of water at 100*42“ 0. can be cal¬ 
culated. This cah be done by equation ( 5 ) as follows: 
Undec a pressure p^ » 760 mm. of mercury (atmospherio 
pressure) water boils at » 100® 0. or Tj «= 373® abwlute, 
that is, at Tj ■■ 373 the vapour-preBsure of water*- p - 
760 mm* 
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* 4 , f 273 » 100-42 -h 273 « 378*42 and L - 9600, 
Substituting these numerml values in ($), we obtain 




log 760 + 


- 9600 X - 0-42 
2-3 X 1*985 X 373 x 374-42 


2-89, 


•’* Po * 77*’2 mm. 

Accordingly, by (i), 

joo ~ P 771*2 -* 768*2 0-01685 n 

“ 771-2 “ " 1 ■ 

The solution, therefore, contains 0*01685 gram-molecule of 
dissolved substance per gram-molecule of water, and, since 
the gram-molecule ^ water =» 18 grams, it contains 

0 01686 X 1000 ^ , 1 r 1 j u 

-18 ' — o '936 gram-molecule of dissolved sub¬ 
stance per 1000 grams water. 

Problem 70.—Under a pressure of 760 mm. ether boils 
at = 35° C. Its molecular heat of evaporation is - 6640 
calories, (a) What is the vapour-pressure of ether at 
Iq = 30° C. ? {h) What volume will be occupied by a litre 
of air at a pressure P ^ 720 mm. after being bubbled through 
ether at 30° C., if the total pressure be kept constant at 720 
mm. during the process, and (c) how many (a;) gramat of 
ether will evaporate during the process? 

Solution 70.— (u) The vapour-pressure at 30° C. may be 
calculated from equation ( 5 ). Po*™ ^0 + ^73 = 303. Pj = 

+ 273 = 308. Pi = TflQ L = - 6640. Therefore 

, - 6640 X 5 

log Po - log 760 + 2.3 ^ i-965'x 303 x 308 

afld Po = mm. 

( 6 ) The volume of air, which has been bubbled ^through 
ether at 30° C. under the constant pressure P = 720 mm., 
increases until the partial pressure of the air becomes 
p «a P - Po, where Po is the vapour-pressure of ether at 30° G. 
From Boyle’s law we get the final volume v assumed by 1 
litre of air after being bubbled through the ether. Thus 

1 ? , P 720 720 

1 “ P - Po “ 720 - 636 ” 85 ’ 

.-. V ■■ 8*5 litres. « , 

(4 These 8-5 litres contain ether vapour at a partial prea- 
etire Po ^ 635 mm. The weight a of this ether vapour.iiato , 
be eafoulated. 
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Aocor^D 0 to egualaon ( 2 ), p. 1, (m also Problem 2), 

V<P - ' 


where M is the molecular weight of ether vapour. Hence 

"P^vM 


X 


B'l\ 


[f pQ and V are expressed in atmospheres and litres the value 
of B is 0 08104. Therefore 


535 

760 


X 8*5 X 74 


0*08204 X 303 


an 5 grams. 


Problem 71. —The vapour-pressure of a solution con¬ 
taining 6*69 grams of Ca(N 03 ).^ in 100 grams of water is 
746-9 mm. at 100° C. What is the degree of dissociation of 
the salt ? 

Solution 71. —Let a be the degree of dissociation, then, since 
(Ja(N 03)2 dissociates into 3 ions, one Ca** and two NO' 3 , one 
gram-molecule of Ca(N 03)2 gives on dissociation a gram-mole¬ 
cule of Ga** and 2a gram-molecule of NO'g, whilst (1 - a) 
gr^m-moleoule of undissooiatcd salt ’remains. The total 
number of molecules derived from one gram-molecule of 
Ca(N 03)2 is, therefore, 1 - a + 3a = 1 + 2 a. Prom 6*69 


grama ~ 


f\ •/’*Q 

TBi^l Oa(N 03)2 there are, there¬ 


fore, derived 


6*69 


n a =-sT-? (1 + 2a) gram-molecules, 
164*1 

164*1 beiDK the moleculai'weight of Ca(NOa)a. 
According to ( 1 ) 


Po " P - ” . 
Po N 


p <=« 746*9 mm. and pg for pure water at 100° • 760 mm. 
N « weight of water in the solution divided by the molecular 


weight of water as vapour 
760 ^ 746*9 


100 
* 15- 
6-69 




Hence 


18 
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Lowering of Freezing-point 

If is the freezing-point of a pure solvent, and ti that of 
a solution ooniaining c gram-molecules of dissolved substance 
per 1000 grams of solvent, the lowering of the freezing- 
point d = i is proportional to c, that is, the lowering of 
the freezing-point of a pure solvent by a dissolved substance 
is proportional to the concentration of the latter, or 

(6) A = Kc. 

The value of the constant K depends only on' the solvent, 
and on the unit of concentration chosen. We shall take as 
our unit concentration, one gram-molecule of solute in 1000 
grams of solvent. If in (<5) we put c = 1, we obtain A K. 
K is, therefore, the lowering of the freezing-point of the 
solvent caused by dissolving i gram-moloculo of a normal 
(non-dissociating and non-associating) solute in 1000 grams 
of solvent. It is called the molecular lowering of the freezing- 
point. 

(Two other units of concentration are often used, namely, 

(1) one gram-molecule of solute in 100 grams of solvent, and 

(2) one gram-molecule of solute in 1 gram of solvent. If K 
is the molecular lowering in the first case, and K' that in the 
second case, the relation between Z, K and K' is K' == 10«K, 
K' = 1000 K.) 

If the solution contains a grams of solute in h grams of 
solvent, and if ilf is the moleculai: w^eight of the solute, the 

concentration of the solute is gram-molecules in b grams 


of solvent, or gram-molecules per 1000 grams solvent. 

Therefore, from (6), 


(7) ^ 


K 


1000 a 
Mb 


By various transformations of this equation any of the 
quantities may be calculated if the others are known. In 

(7)» - ^ - is the weight of solute in 1000 grams of solvent. 
If we put this a TT, the equation beoomoE^ 

W A W 

(8) A - or^ 

a fofim '^hich is particularly clear and easy of appliofttion* 
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Tha constant K for a given solvent may be found empiric¬ 
ally by (6), (7) or (8), by observing the depressions of the 
freezing-point of the pure solvent caused by known concen¬ 
trations of substances of which the molecular weights are 
known, and taking the mean value; or it may be calculated 
from the latent heat of fusion of the solvent by means of the 
relation (van't HofT) 

BT^ 

loom- 


T ( » 273 + t) is the freezing-point of the pure solvent on the 
absolute scale, i the latent heat of fusion of 1 gram of the 
solvent in calories and B the gas-constant (1'985, or, in round 
numbers, 2). 

(If the constants K or K" as defined above are used, then 


K 


106 i ^ 



Elevation of Boiling-point 

For the elevation of the boiling-point of a pure solvent by 
a dissolved substance equations exactly analogous io (6), (7), 
(8^and (9) hold. In this case, however, A is the elevation 
of the boiling-point and is equal to where t is the 

boiling-point of the pure solvent and that of a solution con¬ 
taining c gram-molecules qf solute of molecular weight M per 
1000 grams of solvent, or a graint*' of solute in b grains of 
solvent, or W grams of solute in 1000 grams of solvent. K 
is the molecular elevation of the boiling-point, caused by 
dissolving one gram-molecule of a normal solute in 1000 
grams of solvent. In ecnHition (9) T (= 2Si3 -f- t) is the 
boiling-^ioint of the pure solvent on the absolute scale and I 
is the latent heat of evaporation of one gram of solvent in 
calories. 

(As in the case of the freezing-point, K' and K' are the 
molecular elevations of the boiling-point when either of the 
other common units of concentration are used. Their 
relations to K and I are the same as those given under the 
freezing-point.) 

Freezing-point—Examples 

Pboblbu 72,—^The freezing-point of a solution of (f‘684 
gram of cane sugar in 100 grams of water is - 0*037* C., 
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and that of a solution of 0*585 gram of sodium ohloride in 
100 grams of water is - 0*342** C. Calculate the molecular 
lowering of the freezing-point for water, the apparent mole¬ 
cular weight of the s^iurn chloride and its degree of dis¬ 
sociation. 

Solution 72.—From equation ( 7 ) we obtain 

- Ailffe 

“1000 a 

In the case of the cane sugar solution A 
a 0 684, b « 100, therefore, 

0 037 X 342 x™ 

‘ "' iOOO X 0-684 


0*037, M « 342, 


K 


1 - 85 . 


If M' is the apparent molecular weight of the sodium 

chloride, we obtain from ( 7 ) 

,« 1000 a 

M = 

In this case K *= 1*86, a =*• 0‘686, b 100, A = 0*342, there¬ 
fore, 

1-86 X 1000 X 0-585 
= --TM iaxiod -“ 

Let the degree of dissociation of the sodium chloride^be 
a, that is, of 100 molecules of sodium chloride lot 100 a 
be dissociated into the ions Na* and Cl', and, therefore, 
100 (1 -■ a) undissooiated. The total number of molecules 
produced from 100 molecvles of NaCl is, therefore, 

100(1 - a) + 2 X 100 a == 100(1 -I- a). 

If Ml »= 68’6 is the molecular weight of sodium chloride, the 
solution oonta'ning (I*685 grafSi in 100 grams of water 
would contain, if the sodium chloride were undissociated, 

0'686 X 1000 6*86 , , . - , 

—57 -a= -Try- gram-molecules m 1000 grams of water. 

Ml X 100 M. ® 

If the degree of dissociation is a, the solution contains 

^*85 

(1 a) gram-molecules in 1000 grams of water. 

irom ( 6 ), therefore, 

A tB Kc 

,0-342 - I 86 X 5^(1+ «)-1-86 >f^(l + «) 

a - 0 * 85 , 
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Or, the apparent moleoolar weight of NaCl in the solution is 
weight of NaOl dissolved in 1000 grams water 
number of dissolved moleoules in 1000 grams water 
5-85 Ml 






1 -f* 01 


Hence 


a 


Ml - W 

M' 


68-5 - 31*66 
31*66 


0*85. 


The salt is, therefore, 85 per cent, dissociated in the solution. 

ProhIjEM 73.—'The latent heat of fusion of ice is / ^ 80 
calories per gram. What is the molecular lowering of the 
freeijing-point for water? 

SonuTioN 73.—The freezing-point of water is 0" C. => 273® 
absolute. Applying equation ( 9 ), we, therefore, obtain 

BT^ 1*985 X (273)^ 

^ “ 1000 I “ rooo X 80 ■ ‘‘°5* 


Boiling-point—Examples 

Problem 74.—Under a pressure of 760 mm. ether boils 
at i “ 35° C. By dissolving a = 12*8 gtams of naphthalene 
in 5'^ 100 grams of other, the boiling-point of the ether is 
raised by A = 21° G. Assuming that naphthalene has a 
normal molecular weight iu ether, calculate /, the latent 
l^eat of evaporation of ether per gialp, and L, the molecular 
heat of evaporation. ? 

Solution 74.—According to ( 9 ) 

BT^ 

^’•lOOO 

where Tiitkhe absolute boiling-point of ether, 273 -i* i « 308, 
and K the molecular elevation of the boiling-point for ether. 

The latter may be calculated from the data given for the 
naphthalene solution. The solution contains 12*8 grams 
naphthalene in 100 grams ether, or 17 * 128 grams naphtha¬ 
lene in IfWO grams ether. 

Aooordine to (8) 

M _ MA 
A " T7* 

The iSormai molecular weight M of naphthalene, ■■ 
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K 


128 X 2-1 
128 


=“ 2*1. 


I 


89*7 calories. 


Substituting this value of K in (1) we obtain 
1*986 X (308)^ 

1000 X 2*1 

Since the molecular weight of ether is 74, the molecular 
heat of evaporation is 

L *« 89*7 X 74 *» 6638 calories. 

Pboblebi 75.—A solution of barium nitrate containing 
a « 11'07 grams in 100 grams of water boils at i00'466° C. 
What is the degree of dissociation of the salt ? K for water 
- 0*62. 

Solution 75. —The solution contains 10 a grams barium 
nitrate per 1000 grams water. If iW ( - 261*5) is the mole¬ 
cular weight of barium nitrate, it would, therefore, contain 

gram-moleoulos in 1000 grams water if the salt were 

undissooiated. Let a be the degree of dissociation. Since 
Ba(NOjj )2 dissociates into 3 ions wo obtain, exactly as in 
Problem 71, for the total number of gram-molecules in 1000 
grams of water 

10 a 


M 


-(1 + 2 a). 


Putting this value of c iuto eqilation (6) we obtain 

' 10 a , 

A X •—j^“(l + 2 a), 

and, substituting the numerical values, 

tl-62 X 10'>i 1107 „ 

=-26F6- (1 + Sa) 

o = 0'5 s8. 


Problems for Solution 

Vapour-pressare 

Problem 76.—The vapour-pressure of ether at 20” 0. is 
442 mm. and that of a solution of 6’1 g^ims of benzoic acid 
in 50 grama of ether is 410 mm. at ^e same temperature. 
Calculate the molecular weight of benzoic acid in eth%r. 

Ads. 124. 
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Problem 77.—At 10® C. the vapour-pressure of ether is 
291‘8 mm. and that of a solution containing 5’3 grama of 
benzaldehyde in 60 grams of ether is 271'8 mm. What is 
the molecular weight of benzaldehyde? 

Ans. 114*4. 

Problem 78.—The vapour-pressure of alcohol at 70" 0. is 
540*9 mm., and at 80° C. it is 811*8 mm. Calculate the latent 
heat of evaporation per gram of alcohol 

Ans.—212 calories. 

Problem 79.—Under a pressure of 760 mm. ether boils 
at 35° C. A solution of 10‘44 grams of aniline in 100 grams 
of ether has a vapour-pressure of 383 mm. at 15*3° C. 
The latent heat of evaporation of ether is - 89‘73 calories 
per gram. Calculate the molecular weight of aniline in the 
solution. 

Ans. 97*6. 

Problem 80. -At 0° C. the vapour-pressure of water is 
4*620 mm. and of a solution of 8*49 grams of NaNO,, in 100 
grams of wati'i* 4 483 mm. Calculate the degree of dissocia¬ 
tion of the NaNOg. 

Ans. 0*649. 

Problem 81.—At 25° C. the vapour-pressure of water is 
23*55 mm. What is the vapour-pressure of a solution con¬ 
taining 6 grams of urea in TOO grams of water at the same 
temperature? 

Ans. 23*13 mm. 

Problem 82.—At 0° C. the vapour-pressure of water = 
'‘•*620 mmf and that of a soldtion containing 2>24 grams of 
'lycerol In 100 grams of wtter = 4*432 mm. Calculate the 
noleoular weight of glycerol in the solution. 

Ans. 93*9. 

Problem 83.—The vapour-pressure of a solution of 8*89 
grams of dextrose in 100 grams of water is 4*582 mm. at 
0° 0., whilst that of pure water at the same temperature 
is 4*620 mm. Calculate the molecular weight of dextrose. 

Ans. 194*5. 

Pbo^bm 84.—A solution containing 9*21 grams of merovtie 
cyanide in 100 grams of water has a vapour-presgure of 
755*2 mm. 100^ 0. WhAt is the molecular weight of the 
3 
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salt? What conolasion may be drawn as to the dissooiation 
of mercuric cyanide in aqueous solution ? 

Ans> 262'di 

Problem 86 .—^The vapour-pressure of a solution con¬ 
taining 11*94 grams of glycoooll (C^HgNOa) in 100 grams of 
water is 740*9 mm. at 100" 0. What is the molecular weight 
of the solute ? 

Ans. 85*6. 

Problem 86 .—Under what pressure does water boil at a 
temperature of 96" C. ? The latent heat of evaporation of 
water is - 636 calories per gram. 

Ans. 636'5 mm. 

Problem 87.—At 0" C. the vapour-pressure of water ~ 
4*620 mm. and that of a solution of 2*21 grams of CaClj in 
100 grams of water = 4*68r) mm. Calculate the apparent 
molecular weight and the degree of dissociation of the CaCl^. 

Ans. M - 52*5, a « 0-557. 

Problem 88 .—A current of dry air was bubbled through a 
bulb containing a solution of 13-33 grams of urea in 100 grams 
of water, then through a bulb, at the same temj)ei-ature, con¬ 
taining pure water and finally through a tube containing 
pumice moistened with strong sulphuric acid. The loss of 
weight of the water bulb =■ 0 0870 grams and the gain of 
weight of the sulphuric <aoid tube =* 2 036 grams. Calculate 
the molecular weight of urea in the solution. 

Ans. 56*2. 

Problem 89.—A oirrent of ^ry air was passed first through 
a series of l)ulbs containing a iiolution of 8*914 grams of 
nitrobenzene in 100 grams of alcohol, and then tmough a 
series of bulbs containing pure alcohol. The temperature was 
11" 0. After the passage of the air the decrease in the weight 
of the bulbs containing the solution was 2*0340 grams and 
of the bulbs containing the pure solvent 0 0685 gram. Cal¬ 
culate the molecular weight of nitrobenzene in the solution. 

Ans. 126-8. 

Problem 90 (of. preceding problem).—In a similar ex¬ 
periment with ethyl benzoate the solutifin contained 7*394 
grams of ethyl benzoate in 100 grams of alcohol. The lo^ 
of weight of the solution was 2*1586 grams and of the ppre: 
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solvent 00515 gram. Calculate the molecular weight of 
ethyl benzoate. 

Ans. 146. 

Pboblbm 91.—The vapour-pressure of boron trichloride is 
562*9 mm. at 10® C. and 807*5 mm. at 20® C. What is the 
molecular heat of evaporation of boron trichloride and its 
boiling-point under atmospheric pressure ? 

Ajas. L - - 5936 cals., B.P.- 18 rC. 

Freezing-point 

Problem 92 —The freezing-point of pure benzene « 5*440* 
and that of a solution containing 2*093 grams of benzalde- 
hyde in 100 gi*ama of benzene = 4*440". Calculate the mole¬ 
cular weight of benzaldehyde in the solution. K for benzene 
= 5. 

Ans. 104*6. 

Pbohlem 93.—A solution of 0*502 giam of acetone in 
100 grams of glacial acetic acid gave a depression of the 
freezing-point of 0*339". Calculate tho^nolecular depression 
for^laoial acetic acid. 

Ans. K = 3*9. 

Problem 94.—17*79 grams of an aqueous solution contain¬ 
ing 0*1834 gram of hydro^n perojyde gave a freezing-point 
of - 0*571°. What is the molecidar weight of hydrogen 
peroxide in the solution ? K for water = 1*86. 

Ans, 33*9. 

PuoBLEu 95.—By dissol^g 0*0821* gram €i m-hydroxy- 
benzald(fbyde (CyH^Og) in ^0 grama of naphthalene (melting- 
point 80*1°) the freezing-point is lowered by 0*232®. Assum¬ 
ing that tne molecular weight of the solute is normal in 
the solution, calculate the molecular depression for naphtha¬ 
lene and the latent heat of fusion per gram. 

Ans. K « 6*896, I « 36*2 cals. 

Problem 96,—A solution of 1 gram of silver nitrate in 
50 grams of water friezes at - 0*348* C. Calculate to what 
extent the salt is ioiused in the solution. K for water - ^ 

Ans. a n 0*69. 

PhOBLBli 97,--^The weights a of methyl alcohol diseolyed 
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in 15 grams of ben^sene gave the depressions of the freezing- 
point A. 

a 0-0478 0 0988 0-2700 0-4291 0*6636 1-093 

A 0-360" 0-612" 1-265" 1-610" 1-978" 2-476". 

The molecular lowering of the freezing-point for benzene is 
K = 6-0. What conclusions as to the molecular condition of 
methyl alcohol in benzene, solution may be drawn from these 
figures ? 

ProbIiBM 98.—An aqueous solution of ethyl alcohol con¬ 
taining 8*74 grams alcohol per 1000 grams water gave a 
freezing-point of -0-354°. Find the molecular weight of 
alcohol in this solution. K for water « 1-86. 

Ans. 46-9. 

Problem 99.—A solution of Nad containing 3-668 grams 
per 1000 grams water freezes at - 0*2207". Calculate the 
degree of dissociation of the salt. (K == 1-8G.) 

Ans. a = 0 892. 

Problem 100.—0-2274 gram of naphthalene in 10 grams 
of p-toluidine (melting-point •= 42-1") caused a lowering of the 
freezing-point = 0 940". Calculate the freezing-point <^n- 
stant and latent heat of fusion of p-toluidine. 

Ans. K = 5-29, I = 37-5 cals. 

Problem 101.—The lowering bf the freezing-point A was 
caused by dissolving a grp>ms of formanilide in 10 grams of 
benzene. (JT = 5*0.) 

a 0-1255 0-3815 0-7439 1-197 

A ,0-420 ^ 0-920 #. 1-360 1-7,47 

What conclusions as to the state^^of the dissolved stibstanoe 
and its variation with concentration may be drawn from these 
figures? 

Problem 102.—A solution of 0*4180 gram EOH in 1000 
grams water gave a freezing-point of - 0-0275", and a solution 
of 1*780 gram in 1000 ^ms water a freezing-point of 
-0*1147". Calculate the degree of dissooiation of the EOH 
in these solutions, taking K »= 1-86. ^ 

Ans. 98*1 per cent, and 94 pej^ oeni 

^^blbm; 103.—The melting-point of phenol is ^40* 0. 
A solution containing 0*172 gram acetanilide (Og^OH) in. 
12*64 grams phenol ^zes at 39‘25" C Assuming that 
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acetanilide has its normal molecular weight in phenol, cal¬ 
culate the freezing-point constant and the latent heat of 
fusion of phenol. 

Ans. K = 7‘38, L = 26*5 cals. 

Problem 104.—A solution of 8*535 grams NaNO^ in 100 
grams water freezes at - 3-04’ C. Calculate the degree of 
dissociation of the NaNO^. K. = 1‘86. 

Ans. 0-629. 

Problem 105,—The freezing-point of a solution containing 
0’510 gram-molecule of strontium formate in 1000 grams 
water is - 2-390'’. Calculate the degree of dissociation of 
the salt. K = 1-86. 

Ana. 0-76. 

Problem 106.—The freezing-point of a solution of barium 
hydroxide containing 1 gram-molecule in 64 litres is - 0 0833'’. 
What is the concentration of hydroxyl-ions in the solution? 
Take AT — 1-89 for concentrations in gram-molecules per 
litre. 

Ans. 0-0284 gram-iou per litre. 

Problem 107.—A solution containing 2-423 grams sulphur 
in 100 grams naphthalene (melting-f)oint = 801°) gave a 
lowering of the freezing-point of 0-64r, and a solution con¬ 
taining 2-192 grams iodine in 100 grams naphthalene a depres¬ 
sion of 0-595°. The latent heat of fusion of naphthalene is 
36‘7 calories per gram. \Vhat is Jiihe molecular formula of 
sulphur and iodine respectively in naphthalene solution? 

Ans. M for R = 264, Sg, M for I = 267, 

Problem 108.—A solution containine 0*063 gram-molecule 
of caloiuifl formate in 1000%rara8 water free;ife8 at - 0*316°. 
What i^ the degree of dissociation ? /S' == 1-86. 

Ans. 0-85. 

Problem 109.—A solution containing 0-02 gram-molecule 
of zinc chloride per litre freezes at - 0*1036°. Calculate the 
degree of dissociation, K ~ 1-89. 

Ans. 0-87. 

4 . 

Problem 110.— A solution of zinc nitrate containing 0-065 
gram-molecule per litre freezes at - 0-322°. What is the 
ooneeiftration of tfie zinc ions in the solution? K » 1*8& 

Ans. 0*0626 gram-ion per litre. 
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Problem 111.—Tbe melting-point of pure copper 
1084'’ C. A solution of CugO in copper, containing 1'16 per 
cent, by weight of CugO freezes at 1076® C. Assuming that 
the molecular weight of OugO in the solution corresponds to 
its formula, calculate the latent heat of fusion of copper per 
gram, 

Ans. 36 cals. 

Problem 112.—A solution of lithium chloride containing 
4-13 grams per litre freezes at - O-SiS®. What^s the degree 
of dissociation ? K 1 *89. 

Ans. ()- 866 . 

Problem 113.—The melting-point of tin = 231’6ir C. 
and its latent heat of fusion = 14 25 calories per gram. The 
freezing-point of a solution containing 1-6463 grams copper 
in 440 grams tin is 229•692®. Calculate the molecular weight 
of copper in the solution. 

Ans. 66*4. 

Problem 114.—The freezing-point of a solution containing 
0*0199 gram-molecule SrCL per litre is - 0T015®. What is 
the degree of dissociation oi the salt? K » 1'89. 

Ans. 0*85. 

if 

Problem 115.—A solution containing 0 834 gram Na^SO^ 
per 1000 grams water freezes at - 0 0280'’. Assuming dissocia¬ 
tion into 3 ions, calculate the degree of dissociation and the 
concentrations of the Na-'and SO 4 " ions. K ~ 1-86. 

I* 

Ans. a -0-782 ; cone. Na- = 0 0918 gram-ion per litre ; cone. 

SO 4 " - 0*0469 gram-ion per litre. 

Problem 11,6.—The vapour-pressure of water 0® 0. is 
4*620 mm., and the depression of tj^e vapour-pressure'caused 
by dissolving 5*64 grams NaCl in 100 grams water is 0*142 
mm. What is the freezing-point of this solution ? K 1*86. 

Ans. - 317r. 

Problem 117.—The vapour-pressure of a solution con¬ 
taining 5*85 grams NaCl in 100 grams water is 4*460 mm. 
at 0® U., and that of pure water is 4*620 mm. The freezing- 
TOint of the solution is - 3*424®. Compare the degrees of 
dUsociation obtained ( 1 ) by the vapour-pressure method, aud 
(2) by tha freezing-point method. K » 1 *^. 

Ans. (1) 0*924, (2) 0*841, 
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Peoblem 118.—When merourio cyanide, Hg(GN) 2 , is 
dissolved in potassium cyanide solutions, tl^ complex anion 
Hg(CN)a ^.2 is formed according to the equation 
Hg(GN )2 + mGN' =- Hg(GN)„ + 3 . 

The freezing-point of a solution containing 0’1965 gram- 
molecule of KCN per litre is - 0*704®, and that of the same 
solution, after the addition of 0*095 gram-molecule of 
Hg(GN)g per litre, is - 0*630®. What is the value of m? 
K = 1 ’ 8 G. rn must be a whole number, give the nearest 
whole number. 

Ans. m =» 1*985, 2, 

PaoBiiKM 119.—The freezing-point of a solution containing 
0*01052 gram-molecule Na.jSiOg in 1000 grams water is 
- 0 0676Show that the salt is largely hydrolysed accord¬ 
ing to the equation 

Na^SiOg + H^O =- 2 NaOH + SiO.^ (colloidal). 

Problem 120 .—The freezing-point of a 0*25 N-KCN solu¬ 
tion is - 0*860®. The freezing-point of the same solution 
with the addition of 0*25 gram-molecule of AgGN per litre 
is - 0*830®. The solution of AgGN in KGN takes place 
according to the equation 

m GN' + AgGN = (AgGN) (GN')„. 

What is the value of m (nearest whole number) ? if =■ 1*86. 

Ans, ns *=• 1*06, .*. 1. 

Boiling-pdint 

Problem 121.—A solution containing 0*5042 gram of a 
substance dissolved in 42*02 grams of b%nzene boils at 80*176®. 
Find th|S*molecular weig^Jt of the solute, having given that 
the boiling-point of benzene is 80 000 ®, and its latent heat of 
evaporation of 94 calories per gram. 

Ads. 181*9. 

Pboblem 122,—A solution containing 0*7269 gram cam¬ 
phor (mol. wt. n 152) in 32*08 grams of acetone (boiling- 
point « 66*30“ O.) boiled at 66*65® C. What is the molecular 
elevation for acetong and the latent heat of evaporation ? 

Ans. K m 1*674 ,1 » 129*5 cals, per gram. 

^ PndbitS^ic 123.^The latent heat of evaporation of oatbon 
distdphide^ (boiling-point-46*20“ C.) ia 85*9 ofds. per gram. 
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The weights a of benzoic acid dissolved in 50*09 grams of 
gave the elevations A of the boiling-point of CSjj. What is 
the molecular condition of benzoic acid in OS^, and how does 
it vary with concentration ? 

a 0*9378 i*6429 2*5792 4*6519 grams. 

A 0187? 0*319° 0*479° 0*789°. 

Pboblbm 124.—A solution of 9*472 grams Cdl. in 44*69 
grams water boiled at 100*303°. The latent heat of evapora¬ 
tion of water is 536 cals, per gram. What is tjjie molecular 
weight of Cdijj in the solution ? What conclusion as to the 
state of Gdig in solution may be drawn from the result ? 

Ans. M = 363*2. 

PHOBijJiM 126.—The boiling-point of a solution of 0*4388 
gram NaCl in 100 grams watt*r is 100*074° C. Calculate the 
apparent molecular weight of the NaCl and its degree of 
dissociation. K = 0*52. 

Ans. M = 30*84, a = 0*897. 

Problem 126.—The boiling-point of acetic acid is 118*100° 
and its latent heat of evaporation 121 oala. per gram. A 
solution containing 0*4344 gram of anthracene in 44*16 grams 
of acetic acid boils at *118*240". What is the molecular weight 
of anthracene? *' 

Ans. 178. 

Problem 127.—By dissolving 3*614 grams of CuCl^ in 100 
grams of alcohol the boiling-point of the alcohol is raised 
0*308°. For alcohol K ■* lrl5. What is the molecular weight 
of the solute 

Ans. 134*9. 

Problem 19S.—Thtj boiling-point of a solutioR of 3*40 
grams BaOlg in 100 grams watd^* is 100*208°. iT® 0*52. 
What is the degree of dissociation of the BaClg? 

Ans. 0*725. 

Problem 129.—At 100° the vapour pressure of a solution 
of 6*48 grams NH^Cl in 100 grams water is 731*4 mm. K « 
0*52. What is the boiling-point of the solution ? 

Ans. 101*086° 
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SURFACE TENSION, MOLECULAR WEIGHT AND DEGREE OF 
' ASSOCIATION OF LIQUIDS 

Definitions—Example 

P ROBLEM 130.—In a capillary tube of radius r»0 0142.') 

cm., pure liquid formic acid rises to a height of = 
4‘442 cms. at = 1(5*8'', k., ~ 4*205 cms. at t,, = 46*4“ and 
Ag =■ 3*90 cms. at 79*8", The density of formic acid is 
1*207 at 16*8’, d., - 1*170 at 46*4'' and = 1*129 at 
79*8°. What is the molecular weight of formic acid in the 
liquid state, and how' does it vary with temperature? 
{(j - 981*1 cms./sec.“). 

Solution 130. — The surface tension (A a liquid of density 
«ti, sm determined by the height h to which it rises in a 
capillary tube of radius r, is 

(i) y - ^ grhd, 

where g is the value of gravity (gravil»ation constant). If the 
quantities on thi', right-hand side ^^f the equation are ex¬ 
pressed in C.G.S. units, g in cms./seo.^, r and h in cms. 
and d in grama per c.c., we obtain y in dynes per cm. 

If d is t);ie density of the kquid und^* inveitigatiou, and 

M its molecular weight, its specific volume is v ^ and its 

molecular volume is Mv. The molecular surface of the 
liquid is, therefore, prc^ortional to The product 

y is called the molecular surface energy, and, if we 

use the above units, is expressed in ergs. The molecular 
surface energy of any liquid diminishes with rise of tempera¬ 
ture, and Ramsay andfShields have shown that the tempera¬ 
ture coefficient of the molecular surface energy is the same 
for all liquids, aiyd tfiat its numerical value is 2*121 when the 
surface energy is expressed in ergs. Hence 
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(a) yi - ya _ g.j2i, 

where yj, Vj are the surface tension and speoifio volume at 
the lower temperature and the corresponding values 
at the higher temperature 

The molecular weight of the substance in the liquid state 
is not, however, necessarily the same as the normal mole¬ 
cular weight, or formula weight, M. This is the case with 
unassociated liquids only. If the molecules*' in the liquid 
condition are associated into more or less complex groups, 
we must, in order to make equation ( 2 ) generally applicable, 
multiply the normal molecular weight M by a factor x, so 
that xM expresses the mean molecular weight of the substance 
in the liquid state between the temperatures L and x is 
called the factor of association, and in the case 01 unassociated 
liquids its value is unity. Equation ( 2 ), therefore, becomes 

yi - y; 


^2 ~ 


2 * 121 . 


For formic acid at = 16-8“ we have 

71 “ i * 1^*5 X 981'1 X 0*01426 x 4*442 x 1*207 
■> 37*47 dynes per cm., 

at « 46-4“ 

yj =a ^ grh^d^^ ■» 0*5 x 981*1 x 0*01425 x 4*206 x 1*1 
» 34*43 dynes ^er cm., 

at « 79*8" 

73 = i rMs - 9*6 X 981*1 X 0*01425 x 3*90 x 1*129 

=» 30*80 dynes per cm. 

Therefore, ^ 

- 37-47(46/l«207)*^' = 494'4 erg& 

= 34-42(46/l-170)’/’ - 397-7 

y,(Uv^f’‘ - 30-80(46/l-129)’‘'» = 364-6 „ 

Putting these values into equation ( 3 ) we obtain, between \ 
and to 


a!’‘/.(424-4 - 397-7) 
46-4 - 16-8 

2-121 X 29-6 


v!-19I, 


a-$S9, 


X - (2-862) - 3 * 6 o.. 
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The mean molecular weight of formic acid between 16'8’ and 
46 ' 4 * is, therefore, 3’60 x 46 = i66. 

Similarly, between and 

(397-7 - 364-6) 

79-8 - 46-4 “ 

X = 3 - 13 , 

and the mean molecular weight of formic acid between 46-4" 
and 79*8'’ is 3-13 x 46 = 144 . 

The moleoufts of formic acid are, therefore, associated into 
complex groups in the liquid state, and the degree of associa¬ 
tion, and, therefore, the molecular weight of the complexes dim¬ 
inish with increase of temperature. 

Problems for Solution 

Problem 131.—What is the factor of association of carbon 
disulphide, for which at 19’4'’ the surface tension is 33-68 
dynes per cm., and the density 1-264, and at 46*T the surface 
tension is 29-41 dynes per cm., and the density 1-223? 

Ans. 1*07. 

Problem 132.—Liquid nitrogen peroxide rises to a height 
Sf 3-3!4 cms. at 1-6" in a capillary tube of 0 0129 cm. radius, 
and to a height of 2-905 cms. in the same tube at lO-O'" C. 
The density of the peroxide^is 1*486 at J' 6 °, and 1*444 at 
19-8“. From these data determine whether liquid nitrogen 
peroxide is associated at these tenyperatiires, and if so, to 
what extent. 

Ans. X for N 2 O 4 = 1-01 formula is N 2 O 4 . 

Probli^m 183.—Normal buffrl alcohol at the^mperature 

rose to a height A in a 3hpillary tube of radius 0*01425 
cms. The density of the alcohol at each temperature was d. 
Calculate the factor of association and the mean molecular 
weight between each pair of temperatures. 

t 17-4’ 46*7'’ 77*9'’0. 

h 4*305 4*005 3*63 oms. 

d 0*8116- 0*7907 0*7634. 

Ane. « ^ 1*94 1*72 

wU 143-5 127-3 

PBOBiiiBit 134.—In a oapillary tube of 0*03686 oms. dl*; 

fboe at O'* 0. to a height of 8*10 oms., and at 
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10* G. to a height of 7‘96 oms. The density of water at 
0“ = 0*9999 and at 10 * = 0’9997. What is the factor of as¬ 
sociation and the mean molecular weight of liquid water 
between 0 ° and 10 * ? 

Ans. X = 3‘81, xM =» 68*6. 

Pboblbh 135.—In a capillary tube of radius 0 0129 oms. 
ethyl iodide rose to the height h at the temperature t, at 
which the density is d, 

t k ‘ d 

191“ 2-446 cms. 1‘937 

46-2* 2-22 cms. 1 -875. 

What is the fa>ctor of association and mean molecular weight 
of ethyl iodide between those two temperatures ? 

Ans. X = 1‘01. Molecular weightnormal. 



CHAPTER VI 
THERMOCHEMISTRY 

Hess’s Law 

''PHE heat effect of a chemical reaction, for a given quantity 
A of the reacting substances and for a definite temperature, 

is dependent only on the initial and final states of the reacting 
system. It is the same whether the reaction takes place in 
one or in several stages, provided that the initial and final 
states are the same (Hess’s Law). By means of this law we 
are enabled to calculate the heat effect of a reaction which, 
for various reasons, cannot be measured directly. The re- 
- SA3ti«n in question is considered as the sum or difference of 
others which have been measured By suitable manipulation 
of the thermochemical equations all undosired substances are 
eliminated, and only the equation for the required reaction is 
left 

By the union of 12 grams of solid carbon with 82 grams of 
gaseous oxygen at 18“ C. to ^prm 44 grams of gaseous carbon 
dioxide, there is a heat evolution of 96960 calories, or, the 
energy-oqpthnt of the systenf in its initial stBite (12 grams 
carbon + 32 grams oxygen) il greater than the energy-content 
of the system in its final state (44 grams carbon dioxide) by 
96960 calories. This statement is conveniently expressed 
bjf the equation 

C + Og - CO., + 96960 cals. 

The symbols in such thermoohemical equations stand for 
definite, though unkui^wn, amounts of energy associated with 
the formula-weight in grams of each substance. A knowledge 
of the absolute amodnt of energy associated with each graiji- 
molecule is, however, unnecessary, since it is only with 
differences in energy that we are bonoemed. 

40 
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Heat of Reaction at Constant Volume and Constant 

Pressure 

The difference in energy-content between the initial and 
final states of the system is equal to the hoat-evolution or 
absorption only when no external work is done during the 
reaction. This is the case when only solids and liquids are 
involved in the reaction, since in such cases the volume 
changes during the reaction arc negligible. When gases are 
involved in the reaction, however, the heat of the reaction at 
constant pressure may differ considerably from that at con¬ 
stant volume, since, in the formation or absorption of one 
gram-molecule of a gas at T° absolute, external work equiva¬ 
lent to MT = 2T calories is done by or on the system, and 
the total energy-difference between the initial and final states 
of the system is equal to the heat evolved -h the external 
work done by the system. 

If is the heat of the reaction in calories at constant 
'volume (no external work condition), and that at constant 
pressure (external work condition), then 

-t- nRT 

^ Qp + ^nT calories, 

where n is the number of gas-molecules in the final state (on 
the right-hand side of the equation representing the reaction) 
in excess of the numbbr in the initial state (on the left-hand 
side of the equation), and 'T the absolute temperature at which 
the reaction takes place. 

The heat of foimaiion of a compound is the heat evolved 
in the form* ‘ion ol a gram-nliolecule of the compound from 
its component elements. 

As may be readily seen from Hess's law, the heat evolved 
in a chemical reaction is equal to the sum of the heats of 
formation of the final substances minus the sum of the heats 
of formation of the original substances, the heats of formation 
the elements themselves being taken as zero, 
fn the following problems the symbol Aq denotes a largQ 
entity of water. For example, '' 

NaCl Aq -» NaOl Aq 

means the solution of 1 gram-moleoole of jNfaOl in ttiuojh 
water to form a dilute solutiou. 
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Thermoohemistry—Examples 

pBOBr^BM 136.—The heat of combustion of ethyl alcohol 
is Qi = 341800 cals.; the heats of formation of carbon di¬ 
oxide and water are = 96000 cals, and =» 68000 cals, 
respectively, all at constant pressure. What is the heat of 
formation Q* of ethyl alcohol ? 

Solution 136.—The combustion of ethyl alcohol takes 
place according to the equation 

(1) C^H^OH + 3 O 2 - 200^ + 3H,0 + cals. 

The combustion can be regarded as taking place in 3 stages, 
(a) in the decomposition of the alcohol into its elements ac¬ 
cording to the equation 

(2) = 2C 3H, + 0 - Q, cals., 

and (6) and (c) in the combustion of 2G and 3H., according to 
the equations 

(3) 2C + 20., 2COjj + 2Q., 
and 

(4) 3 H 2 4 UO, 3 H 2 O +JQ,. 

Hy .adding (2), (3) and (4) we obtain 

0,H,OH -f 30^ - 2CO,, f 3H./1 - ^ + + SQ^ 

From a comparison of this e<|uatioii with (1) it follows that 

Qi “ ~ Qx 3(^31 

and, therefore, 

Q* *=^ SOg + 3^3 - 

192000 + 204000 - 34180(P= s4»^o cals. 

Problem 137.—By the solution of a = 10 grams of metallic 
sodium in much water = 18800 cals, are liberated, and by 
the solution of & « 20 grams of sodium oxide under the same 
cqnditions « 20400 cals, are liberated. What is the mole¬ 
cular heat of formation Q, of NagO, if the molecular beat of 
formation of liquid water from gaseous oxygen and hydrogen 
is *■ 68000 cals. ? ^ 

Si^uTiON 137.—The solution of 1 gram-atom of metalUo 
Na in water takes place according to the thermoohemio^ 
equation 


(i), M + H,6 NaOH t iB, + ft, 
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and the solution of 1 gram-moleoule of Na.>0 aooording to the 
equation 

( 2 ) Nap + HP = 2NaOH + Q.^. 

By mviltiplyingequation (1) by 2 and subtracting equation (2) 
we obtain 


(3) 2Na + Hp = Nap + H, + 2Qi - 

To obtain the heat of formation of Nap we must add to 
equation (3) the equation representing the ,i{ormation of a 
gram-molecule of liquid water from gaseous hydrogen and 
oxygen, namely :— 

(4) Hg + Pjj = HgO + 

Prom (3) and (4) we thus get 

2Na + ^02 == Na 20 + -I* Qg. 

The required heat of formation of Nap is therefore 

( 6 ) Qr = 2Q, + Q,- Q,. 

If M is the atomic weight of Na and M' the molecular weight 
of Na^O, then 

0 , = 3i¥. and 0 , - , 


a 


or, putting in the numerical values, 

18800 X 23 


and 


0 . = 


10 

f 

20400 X 62 


43200 cals., 


20 


- =. 63200 cals. 


Accordingly^ from ^), 

Qx =a 2 X 43200 + 68000 - 63200 =■ 91200 !' cals. 


ProbIjEM 138.—Auric hydroxide dissolves in hydrochloric 
acid according to the thermoohemical equation 

Au(OH )3 -h 4HG1 - HAuCl^ + SHgO + 23000 cals., 

and in hydrobromic acid according to the corresponding 
equation 

Au(OH)g -f 4HBr = HAuBr^ + iiHaO + 36800 cals. 

On mixing t gram-moleoule HAuBr. with 4 gram-molecules 
nOl there is a heat absorption of 510 cals. What j^centa^e 
of thp bromoaurio acid bee^ tFjlh^formed into Sdotoauno 
acid in the process ^ 
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Solution 138.—The ratio of the quantity x of brom(^unc 
acid transformed into ohioroauric acid to the total quantity of 
bromoauric acid employed is equal to the ratio of the observed 
heat evolution to the molecular heat of the reaction 

HAuBv, + 4ECI - HAuCl^ + 4BBr. 

The molecular boat of this reaction is obtained by subtracting 
equation (2) from equation (1), giving equation (3). 

(1) Au(OIi)a 4 - 41101 = HAuCl^ + 3H.,0 + 23000 cals. 

(2) Au(OH )3 + 4HBr = + SH^.O + 36800 cals. 

(3) HAuBr^ + IBCi - HAuCl, -}- 4HBr - 13800 cals. 

B^or the quantity x (pei cent.) transformed we therefore get 

u; _ - 510 
iOO - 13800’ 

X * 3*7 per cent. 

Problems for Solution 

Problem 139.—At 17'’ C. ihe heat of combustion of carbon 
to carbon dioxide is 96960 cals., and that of carbon monoxide 
«to->.iCarbon dioxide 679G0 cals., both at constant pressure. 
What is the heat of formation of carbon monoxide (a) at 
constant pressure, {b) at constant volume ? 

Ans. {a) 29000 cals., (6)t29290 cals. 

Problem 140.—By the combustlbn at constant pressure of 
2 grams of hydrogen with oxygen to form liquid water at 17” 0 . 
68360 cals, are evolved. What is the heat evolution at con¬ 
stant volume? 

Ans. 67490 cals. 

Problem 141.—The heat of solution of MgS 04 is 20280 
oals,, of MgSO^, H,p, 13300 cals., and of SlgS 04 ,7HgO, 

» 3800 cals. What is the heat of hydration 

(a) of MgS 04 to MgS 04 , 

{b) of MgSO* to MgS 04 , 7 H.A 
(c) of MgS 04 , HgO to MgS 04 ,7HaO ? 

Antff (a) 6980 cals,, (6) 24080 oals., (e) 17100 cals. 

Pbob£em X42.—iVom the following data calculate the heat 
of fotmaUoa of potitsi^ttm hydro»de :*7 
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K + HgO + Aq =« KOH Aq + H + 48100 oala. 

Hg + 0 = HgO + 68400 cals. 

KOH + Aq == KOfT Aq + 13800 cals. 

Ana. 103200 cals. 

Problem 143.—The heat of solution of BaCl.j is 2070 cals., 
audits heat of hydration to BaCl^, 2H/) is 6970 cals. What 
is the heat of solution of the latter salt .' 

Aus. -- 4900 cals. 

Problem 144.—At ordinary temperature the Seats of com¬ 
bustion of 12 gi-auis of diamond, graphite and amorj)houa 
carbon are 94310, 94810 and 97650 cals, respectively. What 
is the heat of formation (a) of diamond from amorphous 
carbon, (6) of graphite from amorphous carbon, (c) of diamond 
from graphite at ordinary temperature ? 

Ana. {a) 3340, (i) 2840, (c) 500 cals. 

Problem 145.—IiVom the following data calculate tjhe beat 
of formation of anhydrous AI.2CI,,:— 

2A1 + 6HC1 Aq ALCleAq f + 289760 cals. 

H., + Cl, = 2HC) + 44000 cals. 

HCl + Aq =- HClAq + 17315 cals. 

AlgCl^ + Aq = Al^ClgAq + 153690 cals. 

Ans. 321960 cals. 

Problem 146.—The lieats of solution of 

Na.2S04; Na^SO;, H,0 ; and Na^SO^, lOHjO 

are 460, - 1900 and - 16760 cals, respectively. What are 
the heats of hydration of Na.2S04 (a) to monohydvate, {b) to 
decahydrate ? ^ 

' Ans. (a) 2360, ( 0 ) 19220 cals. ' c 

Problem 147.—The heat of formation of HoO is 68360 
oals. and of CO2, 96960 cals., both at 17° 0. and constant 
pressure. The heat of combustion of methane at 17° 0. and 
constant pressure is 211930 cals. Calculate the heat of foi^^ 
matiou of methane at 17° (a) at constant pressure, (5) at 
constant volume. 

Ans. (a) 21750 cals., {b) 21170 cals. 

Problem 148.—The heat of ueutraliqation of HOI with 
NtfOH is 13680 cals., that of acetic acid with the saiihe base, 
is 13400 oals., and of butyric acid 13800 oals. What aire the. 



THERMOCHEMISTRY—PROBLEMS 


61 


heats of dissociation (a) of acetic, ( 6 ) of butyric acid, if both 
are regarded as practically undissociated ? 

Ans. (a) - 280, (b) 120 cals. 

Pboblem 149.—The heats of neutralisation of NaOH and 
NH 4 OII by HCl are 13680 and 12270 cals, respectively. 
What is the heat of dissociation of NH 4 OH, if it is assumed 
to be practically undissooiated ? 

Ans, - 1410 cals. 

Problem 150.—The heat of neutralisation of HNO, by 
NaOH is 13680 cals, and of OHCl^. COOH, 14830 cals. 
When one equivalent of NaOH is added to a dilute solution 
containing one equivalent of HNO 3 and one equivalent of 
CHGI 2 . COOH, 139(50 cals, are liberated. In vsrhat ratio is 
the base distributed between the two acids ? 

Ans. HNO 3 : . COOH « 0*756: 0*244 - 3*1:1. 

Problem 151.—The heats of formation of CO.^, liquid HjjO 
and CgH^ at 17° and constant pressure are 96960, 68360 and 
- 2710 cals, respectively. What is the heat of combustion 
of C. 2 H 4 at 17° to CO^ and liquid H^O (a) at constant pressure, 
( 6 ) at constant volume ? • 

' * ^ Ans. (a) 333350 cals., (b) 332190 cals. 

Problem 152.—From the following data calculate the heat 
of formation of HNOg Aq. • 

NH 4 NO, - N 2 + 2 H 3 O 4* 71770 cals. 

2 H 3 + Oa = 2HaCf + 136720 cals. 

Njj + 3 H 2 + Aq = 2NH3Aq + 40640 cals. 

NHjAq + llNOaAq = NH^NO-aAn + 9110 cals. 

. •NH,NOa + Aq -•NH.NOaAlq - 4T60 cals. , 

Ans. H + N + O 2 + Aq = HNOaAq + 30770 cals. 

Problem 153.—The heat of neutralisation of hydrochloric 
acid by sodium hydroxide is 13780 cals., and of monooUor- 
aMtio acid 14280 cals. When one equivalent of hydrochloric 
acid is added to one equivalent of sodium monochloracetatc 
in dilute aqueous solution there is a heat absorption of 456 
cals. How much of the acetate is decomposed according to 
the equation 

OH^Ol. OOONa + HOI - NaOl + OHjOI. OOOH ? 

Ana, 0*9X aquifalont. 
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Pboblbm 164.—From the following data :— 

C + Oj, =» OO2 + 96960 cals., 

2H2 + Oa =* 2HaO + 136720 cals., 

20gH« + 150a = I2CO2 + 6H2O + 1698700 cals., 
2021^2 4" “ 4CO2 'i* 2H2O + bSOlOO oals., 

all at 17** and constant pressure, calculate the heat evolved at 
17® in the reaction 

3CaH2 = CeH„ 

{a) at constant pressure, (6) at constant volume. * 

Ana. (a) 130800 oals., (6) 129640 cals. 

Pboblem 155.—From the following data calculate the heat 
of formation of A82O3:— 

A8.>Og + 3H2O + Aq = 2H3A80gAq - 7550 cals. 

As + 301 = AsClg + 71390 cals. 

AsCL + 3H2O + Aq = HqAsOgAq + 3HC1 Aq + 17680 oals. 
H + Cl = HCl + 22000 cals. 

HCl + Aq « HCl Aq + 17316 cals. 

Hg *4* O <= HgO + 68360 oals. 

Ana. 164680 oals. 
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' Monomoleoulap Reaction 


T he equation for the velocity at any instant of a mono- 
molecular reaction which goes to practical completion 
is, at constant temperature, 

(i) - «)• 


a is the initial concentration of the substance undergoing 
change and x the amount changed after the time-interval t 
from the commencement of the reaction, dx represents the 
'^^nitely small quantity of substance transformed in the 
infinitely small time-interval dt, starting from t. x is not, of 
course, the absolute amount changed but is the decrease in 
the initial concentration dun to the change, k is called the 
velocity-constant of the reaction. 

This equation gives, on integration, 

(1) - log, (a - x) ^ kt + constant. 

But when t 0, a; » 0, 

(2) - lpg,a ** constant. 

By subtracting (2) from (1) we obtain 

log, —« fee or A = i log, — 

® a - » t ^ a - X 


or, converting to common logarithms, 

(a) log -iL. - fe. 
e a - X 

If Xi and a^s are the amounts transformed after the 
intei^qfB ti and 4 respectively, then from (a), 

9*809 lo |m k$i and 2*302 log ~— « 

93 
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and, by subtracting the former equation from the latter, 

fc(<2 - ti), 

III — itij 

o.Qno 

or. ( 3 ) 


a-302 log 

(h ““ Xj 


2-302 log o - !ti 


tn — 


a - Xo 


k. 


In the case of a monomoleoular reaction the numerical value 
of k is independent of the unit chosen to express the concen¬ 
trations a and x. Thus if a unit n times loss thviu that used 
in equation ( 2 ) is chosen, we obtain 


2-302 


log 


na 


2*302 


log 


a 


n{a - x) t a ~ X 

Bimoleoular Reaction 


kt 


At constant temperature the velocity at any instant of a 
bimolecular reaction which goes to practical completion is 
given by the equation 

dx 


( 4 ) 


di 


k{a - x){b - x). 


a and b are the initial concentrations of the reacting sulj,- 
stances, x the diminution in concentration of the reacting 
substances after the time-interval t from the commencement 
of the reaction, due to their transformation into the products 
of the reaction, and k thfc velocity-constant. 

Equation (4) gives, on iptegration, 

1 i-_ (g - x)b 


is) 


{a - b)t (b - x)a* 

2*302 (g - x)b 


{a - b)t {b - x)a 

When the initial concentrations of the reacting substances 
are the same, i.e. when a = 6, equation (4) becomes 

which gives, on integration, 

( 6 ) k 


1 

t 


X 


a(a - x) 


, For a bimoleoular reaction the numerical value oi k depends 
on the mut of concentration chosen for a, b and x, Thus if 
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a unit 1 /nth of that used in equations ( 5 ) and ( 6 ) is employed} 
these equations become 

/ , ^30^ 1 »(a- ^ 2-302 , (a - ic)i 

^ n{a - b)t - x)an n(a ~ b)t {b - x)a* 


and ( 8 ) k' = ■- . 


nx 


X 


t ' na{a ~ x)n t na{a - «)* 
By dividiug ( 7 ) by ( 5 ) or ( 8 ) by ( 6 ) we obtain 

k' = . 

n 


Therefore, when using a particular value of k for a given 
reaction, the concentrations should be expressed in the same 
unit as was employed in obtaining that value of k. 


Yelooity of Reaction—Examples 

Problem 156. —When a solution of dibromsuccinic acid is 
heated the acid decomposes into brom-maleic acid and hydro- 
bromic acid according to the equation 

CIIBr. COOH CH . COOH 
i =11 + HBr, 

CHBr. COOH CBr. COOH. 

At SO" the initial titre of a definite volume of the solution was 
1\ = 10’095 o.c. of standard alkali. , After t minutes the titre 
of the same volume of solution was o.c. of standard alkali. 

t 0 21 I 3b0 

T, 10-095 ( 2 ;) 10-37 10-57 

(a) Calculate the velocity-ociastant of tlte reaction, (b) After 
what time is of the dibrofnsuooinic acid decomposed ? 

Solution 166.— (a) The initial equivalent concentration a 
of the dibromsuccinic acid is proportional to To> Since 1 
molecule of dibasic dibromsuccinic acid gives 1 molecule of 
*dibasic brom-maleic acid and 1 molecule of monobasic hydro- 
bromic acid, the increase in the titre {T^ - T^) after time t 
is proportional to the equivalent concentration of the hydro* 
bromic acid at time t. But the formation of 1 equivalent of 
hydrobromio acid means the disappearance of 2 equivalents 
of dibsomsuocinic acid, therefore x, the decrease in the equi¬ 
valent oonqontration of the dibromsuccinic acid after time 
is proportional to 3 (T, - T,). Therefore, from ( 3 ), 
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2-302 


log 


a 


2*302 


a - X 
2-302 


log 




z 


For t -I 214 minutes 
k 


t ® 32 ; -1 22 ; 


^•302 . _10-096 

214 ^ 3 X i0 095 - 2 X 10'37 


0*00036 r, 


and for t ■=* 380 minutes 
k 


2^02 _ 10 096 

380 ® 3 X 10 095~ - 2 xTO'^ 


f. 


O*O0O36o. 


''«*°°>‘y-oons‘ant ia, therefore, k = 0 - 000260 . 

® a°‘r'? ^“?“Posed tho concentration 
tbe remaining acid is ■« of tihfl inihioi <■ 


• 1 ■ o . T wio concentratJOD o 

U"“ 17 aand’ ‘here 

2 302 n 


of 


A; = 


or, t 


t 

3 


Ul 


2-302 , 3 

t ^ 2 ’ 


2‘302j 3^ 2-302 3 

k ^2 0-0C)02C0 ^ 2 minutes. 

See also problem 2 J 4 , p. 108 

mnv “J/T hydroiido Tn b^ 

Sr an ‘o Hie same extent 

r of potassium hydi-oxide? 

Solution 167.—The saponification of ethyl acetate takes 
place according to the equation ^ “ 

T ■^°? ~ 

afk^^U® “°k" k°““ acetic-a?d is not formed, but the 
fi™ wf*’ almost completely dissociated into ita 

in the tontoform “ '>« *““®“ 

T, .^.u* ■ + OH' - OH,. COO' + 0,H,OH. 

If »18 the quantity of ethyl acetate saponified at the time t, 

the velocity of seponifioation ^ is given by the equation 

Hv 

- *[OH'][CH,. OOOOjBy, 

" *(<*®)(6 - «), 
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if the NaOH is regarded as completely dissociated. The 
square brackets denote the concentration of the enclosed sub¬ 
stance. The integration of this differential equation is carried 
out as follows:— 

(a - x){b - X) ” * • * 

J- 

(a - o) - x a ~ x) 
and, on integr^ion, 

- j:)J kt + constant. 


At the time f = 0, ic - 0, and, therefore, 

(2) - [iog.^ iog.fi] = constant. 


By subtracting (2) from (1) we obtain 

-Jl- log ~ = 

a - b ^'a(h - x) 

and, converting to common logarithms, 

2-302 


kt. 


(3) k 


, 10R*> • ?) 

t{a - b) ® a{h - . t ) 


From the data given in the problem, at the time f-, =■ 23 
c 10 

minutes x = —■= h 0*1 h. The velocity-constant h 


~b 

100 100 


may, therefore, be calculated from equation (3), since all the 
other quantities are known. 

For this particular case we have 

k - ?‘302 , .b{ a - 0-1 

<i(a - b) %L.(b - 0-1 b) 

2*302 j 0*01 X 0*001 
23V- 0‘008 ® 0*002 X 0-009 
- - 12*51 log 0*556 
« - 12*51 X - 0*256 S3 3 * 19 . 

It is now possible to calculate the time in which the same 
ester solution would be saponified to the same extent by 
a' -i. 0*006 N-KOH solution. Since KOH, like NaOH, 
may to reg^ed as completely dissociated in dilate solution, 
we obt^ agdh 

^ i (^ - *)(6 - *), 
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or, intogratod, 


t. 


1 b{a' - x) 

2'302 , 0 01 X 0 004 

3-19 X - 0"005 ^ 0*005 x 0*009’ 


« - 144 log 0*89 =» 144 x 0*051 « 7*34 minutes. 


Problem 158 (cf. preceding problem).—What do the times 
and L in the preceding problem become( 1 ) if all the 


concentrations a, b and a are diminished to i - i of their 

n 10 

values there, ( 2 ) if the temperjiture is raised by 15® G., if it is 
assumed that the velocity-constant for any temperature is 
doubled by a rise of 10“ C. ? 

Solution 158.—(1) If all the concentrations in the preced¬ 


ing problem are diminished 1*0 ^ jO of values there, 


the new values are 


a = 0*0002, b = 0*001, a‘ = 0*0005, x = 0*0001. 

As in the preceding^ problem we obtain 

t, = 2;302' . b{a -j^) 

^ Jc{a-"b) ^aib'-xy 

2*302 j „ O OOl X 0*0001 
“ 3*19 X - /)*0008 0 0062 X 0*0609’ 

= - 900 log 0*556 = 230 minutes, 
and similarly, 

~ 1440 log 0*89 = 73*4 minutes. 

If, therefore, ltd tSe ooncentr^ions are diminished to - of 

♦ n 

their previous values, the time required for the reaction to pro¬ 
ceed to the same extent is increased to n times its previous value. 

(2) If a rise of temperature of 10® 0. doubles the velocity- 
constant kf i.e. if 

the relation between k and f may be deduced as follows:— 

log^«o + io “ log 2 -I- log 
log Ar,o +10 - log * log 9 

i.e.W=y 
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and, on integration, 

(1) log h a 0*0301^” + constant. 

For the temperature corresponding to the values in the 
preceding problem, = 3'19, and, therefore, 

(2) log ky - 0‘0301t\ + constant. 

By subtracting (2) from (1) 

• log - 0 030i{f - r,). 

ky 

For f - fy « 16’’ C. we therefore obtain 


log^’ - logfc, -f J5 A 0-0301 « 0-504 + 0-462 - 0-956, 

k = 9-04. 


If t and fjare the times required for the reaction to proceed 
to the same extent at the temperatures f and Tj, and k and 
k\ are the velocity-constants at these temperatures, then if a, 
b and, therefore, since the reaction proceeds to tlie same ex¬ 
tent, a: are the same in the two cases, it is evident from the 
equations 

i ^ lo- 

k{a - h) ■ 


* ky{a - b) ^ 
that 

i k 

— as ..1 , 

ty k 

The timeS required for the reaction to proceed to the same 
extent at the two temperatures, are, therefore, ceteris paribus, 
inversely proportional to the velocity-constants. 

For 0-002 N-NaOH, where ty = 23, hy »=> 3'19 and 
k^ 9 06, we obtain 

t “ ^ 23 «= 8*1 minutes, 

906 


and for 0*005 N-KOH, where t, =• 7*34, ky 
k - 906, 

t » ™ X 7*34 • a*6 minutes. 


3*19 and 
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Probiems for Solution 

Froblbm 159.—From the following data show that the 
decomposition of H^Oj in aqueous solution is a monomoleoular 
reaction;— 

Time in minutes, 0 10 20 

n 22*8 13‘8 8-26 o.o. 

n is the number of o.o. of KMnO^ required to decompose a 
definite volume of the solution, 

Problem 160. — The decomposition of Asllj into solid 
arsenic and hydrogen may be followed by measuring the 
pressure at constant volume from time to time. In an ex- 
periment at 310’ the pressures p in mm. of Hg were obtained 
after the times t hours. Show from these figures that the 
reaction is of the first order. 

t 0 55 6’5 8 hours. 

p 733-32 305-78 818-11 835-34 mm. 

Problem 161.—The conversion of acetchloranilide into 
p-ohloracetanilide according to the equation 

. NCi(COOHj,) - CeH,Cl. NH(GOOH 3 ) 

may be followed by removing a measured quantity of lihe 
solution from time to time, adding it to a solution of El, 
and titrating the liberated iodine with standard thiosulphate. 
The volume of thiosulphate usecP is proportional to the con¬ 
centration of the acetchloranilide. Thus after t hours from 
the oommenoement of theT reaction y o.c. of thiosulphate were 
required. 

t 1 4 . 

y 36*8 13'8 

In what time is the conversion Half completed ? 

Ans. 2*195 hours. 

Problem 162.—The decomposition of diacetonealcohol into 
acetone according to the equation 

CH,. CO . OH 3 .0(CHa)3. OH = 20Hj. CO. OH, 

is accompanied by a considerable increase in volume. The 
reaction is catalytically accelerated by OH'-ions, the velocity- 
oqnstant being proportional to the concentration of OH^-ione*' 
By allowing the reaction to take place in a dilatomet^vl^,'; 
eipai 9 i 9 K.n may be observed. 2 %e qu^tify qt: d^ekinSK^. 
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alcohol present at any time is proportional to the expansion 
from that time to the end of the reaction. The following 
table gives the diiatometer readings B at the times t, obtained 
with a mixture of 20 o.c. 0*1 N-NaOH and I’0626 grams 
of diacetonealcohol. Calculate the velocity-constant for 
0-1 N-NaOH. 

( 0 10 20 30 40 50 60 a: mins. 

B 0 60-8 97*7 119-9 133-4 141-4 1461 163-8 

Ans, Mean k - 0 05030. 

PBOBLBM 163. — Potassium persulphate and potassium 
iodide interact with liberation of iodine. 26 c.o. of a solution, 
which was N/30 with respect to both persulphate and iodide, 
were titrated from time to time with N/lOO Nn»{S 203 . Prom 
the following results show that the reaction is bimolecular. 
t is the time of titration and x the number of o.c. of thio* 
sulphate used. 

t 9 16 32 50 

X 4-62 7-80 14 19 20-05. 

Pboblem 164.—In the saponification of ethyl acetate by 
NaOH at 10°, y c.c. of 0-043 N-HCl weje required to neu¬ 
tralise 100 o.c. of the reaction mixture t minutes after the 
commencement of the reaction. 

t 0 4-89 10-37 2818 oc 

y 61-96 50-69 42-40 29-35 14-92. 

Calculate the velocity-constant when the concentrations are 
expressed in gram-molecules per litr&. 

Aus. Mean k 2*38. 

Fboblum 165 (of. precedir^ problem^ litre of N/20 
ethyl acetate is mixed at 10® K^ith (a) 1 litre of N/20 NaOH, 
(5) 1 litre N/10 NaOH, (c) 1 Utre N/25 NaOH. In what 
time is half the ester saponified in each case ? 

Ans. (a) 16'8 mins., (5) 6-81 mins., (p) 24-2 mins. 

See also problems 319, 320. 



CHAPTER VIII 

LAW OP MABS-ACTION.-EQUILIBRIUM-CONSTANT.— INFLU¬ 
ENCE OF TEMrElUTURE ON EQUILIBRIUM-CONSTANT— 
AFFINITY, CHANGE OP FREE ENERGY OR MAXIMUM 
WORK OF A REACTION.—PARTITION LAW.—SOLUBILITY 
OP GASES. 


Law of Mass-aotion—Equilibrium-constant 


I F a number of substances, for example, the four substances 
A, B, C and D, react according to the equation 

mA -f- nl3 = pC -H qD, 


then, at equilibrium*- the following relation exists between the 
concentrations (number of units of mass in unit volume) of 
these four substances (Guldberg and Waage), 


1 ,^ [Cl- [1?]’ 



The square brackets denote the concentrations of the en¬ 
closed substances, m, n, p and q are the number of mole¬ 
cules of A, B, C and D which take part in the reaction. 
is called the «;''j!fltant of the law of mass-actioK, or the 
equilibrium-oonstant for the rea/.itioD. For a given reaction, 
the value of depends on the temperature, being constant 
for a given temperature, and on the units of mass and volume 
used to express the ooncentrations. 

If V is the number of units of volume occupied by the re¬ 
action mixture at equilibrium, and a, 6, c and d the number 
of units of mass of A, B, 0 and D respectively present in this' 
volume at equilibrium, the concentrations of A, B, 0, and D 
are 



at 
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and, from (i), 


a 

t’P]’ 

[Aj 




(.Pfjq ^m + ii 

a™6“ 



Ifm + n=»p + q, that is, if the total number of molecules 
on each side of the equation is the same, equation (a) be¬ 
comes 




cy^ 




that is, for a given temperature and unit of mass, the value 
of the constant is independent of the unit of volume used 
in expressing the concentrations. 

In all other cases, as can be leadily seen from (a), the 
value of K„ is dependent on the unit of volume. Thus if is 
the value of the 0 (.)uilibriura-constant for a given unit of 
volume, then for a unit of volume x times smaller, the con¬ 
stant is AT* X for 


[A1 = [B] = I, [C] = p] 


d 

XV* 


and ( 2 ) becomes 


(4) 


lu + n 


{xv) 





Thus if is the value of the constant when the concentra¬ 
tions are expressed in gram-molecule^ per litre, the value of 
the constant is x lOOO'" +" “when the concentrations 
are expressed in gram-molecules per o.c. 

The uni* df concentration ulually emploJS^Jr and the one 
which will be used in the following examples, is the gram- 
moleoule per litre. 

That the value of K„ depends on the unit of mass used in 
exjjfessing the concentrations may be shown by expressing 
the concentrations in grams per litre instead of gram-mole¬ 
cules per litre, (a) then becomes 


(cMpy [dMy 

^ V ) ^ / MW\ 

/oM\" fbM.v “ 
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where and are the molecular weights of 

A, B, C and D respectively. . 

In any particular case the unit of concentration employed 
must be that used in obtaining the value of involved. 

From ( 3 ) it is evident that for given amounts of the re¬ 
acting substances the position of equilibrium, or the quantities 
of the reacting substances present at equilibrium, is inde¬ 
pendent of the volume of the reaction-mixture when the 
same number of molecules occurs on each side of the reaction- 
equation. In all other cases we see frodi (3) that the 
position of equilibrium is dependent on the volume of the 
reaction-mixture. 

In the case of gases, their partial pressures at equilibrium 
may be substituted for their concentrations in equations (i), 
( 3 ) and ( 3 ). The numerical value of the equilibrium-constant 
will, of course, depend on whether we use partial pressures 
or concentrations. The relation between the different values 
may be found as follows, [f we assume that A, B, 0, and D 
are all gases, and that T is the absolute temperature of the 
equilibrium-mixture, then for ooucentrations in gram-mole¬ 
cules per litre equation ( 3 ) holds. If the partial pressures in 
atmospheres of the four substances are Pot phi l^hen 

(PcYipi^)^ =3 K 

iv^nPhT 

But according to (3), page 1 , if i(, 6 , c and d are the numbers 
of gram-molecules of A, B, 0 and D present in v litres at 
equilibrium, 


aBT 


bBT 


cBT 


dBT 




- KlBTf^^ 


Only when p -t* q = m + n is jS*, « jfiC,. 

If the equilibrium-constant used in a particular oaee is that 
obtained by using concentrations of the reactix^ e^ibstances 
in gram-molecules per litre, then the active masses of the reacts 
tng substances must always be expressed in gram-paqileduljes 
per litre when using this value of the equPibrium-<Mil|^ 
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Sixailarly, if the equilibrium-constant used was obtained by 
employing partial pressures instead of concentrations, the 
active masses of the reacting substances must always be 
expressed in partial pressures when using this value of the 
equilibrium-constant. 

If one or more of the reacting substances are present in 
the solid state, their active masses, and, therefore, their con¬ 
centrations at equilibrium, are constant, and may be omitted 
from the equation. If, for example, A and C in the reaction 

mA -I- nB = pC + qD 

are solid substances, the law of mass-action requires 

E! - K 

[B]" 



Equilibrium-oonstant and Temperature 

The equilibrium-oonstant or Kp is dependent on the 

temperature according to the equations (van’t Hoff) 

(6) and 


BT 


dT 


RT- 


and Qp are the heats evolved in the re&.ction from left to 
right at constant volume and constant pressure respectively; 
in the reaction 


mA + nB pC H- qD, 

for example, in the transformation of hi gram-moleoules of A 
and n gram-molecules of B into p gram-moleoules of G and 
q gram-molecules of D. and Qp rfre assumed to be inde¬ 
pendent of the temperature (see p. 25). R is the gas-constant 
(1*985 or, approximately, 2 for calories) and T the absolute 
temperatiSre! On integration detween the ansolute tempera¬ 
tures T and Tj, for which the ibspective equilibrium-constants 
are and (for concentrations) and Kp and Kp^ (for partial 
pressures), we obtain on changing from natural to common 
logarithms 


(7) log^, - logK,^ =» 

(8) logJB; - log^, = 


/I _ M _ Q.(T,-T\ 
i-asKT r/ i Sr, /’ 

- i) = 0. r. - 

i-3R\T %! 2-3iJ\ 2T, / 


Wliitti was su4 about L in equation (g), p. 26, appliM equallj^ ., 
tb Q. and & ^above equations. 

9 ^ 
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The following are some of the applications of these equa¬ 
tions. In all cases the heat-effect is for the mean temperature 
T + T 

—2 - \ The application to ordinary chemical equilibria is 

obvious from the explanations given above. The equations 
apply also, however, to many physical equilibria. As we 
have already seen (p. 25), in the case of vaporisation 

(g) logp - log Pi = TTf )’ 

where p and are the vapour-pressures of the liquid at T 
and Tj respectively, and L is the latent heat of evaporation 
per gram-molecule (at constant pressure). For the sublima¬ 
tion of a solid the same equation holds, L being the molecular 
heat of sublimation. 

For the solubility of solids we have 

Q (Ty - T\ 

( 10 ) logo - logo, = ), 

where c and are the concentrations of the saturated solu¬ 
tions at T and T. respectively, and Q is the heat of solution 
per gram-molecule. 

In the case of a difficultly soluble strong binary electrolyte, 
where the dissociation in the saturated solution may be re¬ 
garded as practically complete, jve have (p. 121) 

Z = and (solubility-products), 

where c and Cj are the solubilities at T and respectively. 
Hence 

(11) logo* - log0,5,= 

where Q is the heat of ionisation per gram-molecule. The 
heat of precipitation of the solid from its ions has the same 
value as Q, but the opposite sign. , * 

For electrolytes which obey the dilution-law we have 

(w) log K - log K, = 

svhere K and Ki are the dissociation-constants at Tand 2| 
respeotiyely, and Q the heat of ionisation per gram-moleonle. 
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Affinity, or Change of Free Energy 


Afc a definite temperature T, the affinity, or change of free 
energy, of a chemical reaction, for example, of the reaction 

mA + nB = pC + qD 

>1 ™ ieriog, K, + idiog, W 


or 


(14) A 


--= ETlog^A; 


127’log. 


{(I)" i W 


K^is the equilibrium-constant for concentrations in gram- 
molecules per litre, and that for partial pressures in at¬ 
mospheres. A is the maximum work which can be performed 
by the reversible transformation of tn gram-molecules of A 
and n gram-raoleciilos of B at the concentrations [A] and [B] 
gram-molecules per litre, or at the partial pressures (A) and 
(B) atmospheres respectively into p gram-molecules of C and 
q gram-molecules of D at the concentrations [0] and [D] 
gram-molecules per litre, or at the partial*pressures (C) and 
(D) atmospheres. 

Partition Law 


When a soluble substance distributed between tv70 non- 
raiscible solvents, in each of which it has the same molecular 
weight, the ratio of the concentrations Cj and Cj of the solute 
in the two solvents has a constant value for a given tempera¬ 
ture, or 

(15) 'i •= if. 

This is Nemst’s partition law. E is called the partition- 
coefficient of the dissolved substance for the two solvents. 

the solute has not the same molecular weight in the two 
solvents, but has, say, its normal molecular weight in the 
first solvent, whilst in the second solvent it is more or less 
associated to complex molecules according to the equation 

nS S„, 

then the ratio 7 is no longer constant. For each definite 

Ca 

kind of molecule S, Sj, S|... S«, however, there is a ooflQtant 
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partition-coeffident for the two solvents, and the ratio of the 
oonoentrations found experimentally is influenced by all these. 
If one particular type of complex, say S„, predominates largely 
in the second solvent, the concentration of the solute in this 
solvent will be practically that of the S„ molecules. Accord¬ 
ing to the law of mass-action, there exists between the simple 
and the complex molecules in the second solvent the relation 


[SL" - i[S,] 

and, according to the partition law, betwien the simple 
molecules in the first solvent and those in the second solvent 
the relation 


t?ii == K 

[ 8 ], ’ 


where [S]^ and are the concentrations of the simple 
molecules in the first and second solvent respectively, and K 
is the partition-coefficient for this type of molecule. 3?rom 
these two equations we obtain 


rail 

•vrsj 


Xl'kx K --= K^. 


Since the molecules are supposed to largely predominate 
in the second solvent, the total concentration in this solvent 
will be practically that of the molecules. If, then, and 
Cj are the total Gonoedtrations of the solute in the first and 
second solvents respectively we obtain 

a 

4 1 s constant. 

V ^2 

Cl and Cj may be expressed in, any unit, for example, grams 
or gram-molecules (of normal molecular weight} per litre. 


Solubility of Gases. 

The mass of a gas dissolved by a given volume of a liquid 
' at a definite temperature is proportional to the pressure of 
Gie gas. This is Henry’s law. Since the oonoentrations of 
the gas in the liquid and in the space above the liquid are 
both proportional to the pressure of the gas, Henry’s law 
may M stated in the following form, which ootrespohdii 
NenitVs partition law. For a given temperatuw 
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the conoentration of the gas in the 

_ 

^ tiie concentration of the gas in the 

space above the liquid 


constant « s. 


s is called the solubility-coeihcient of the gas in the liquid 
for the given temperature. 

The solubility-coeflicient s of a gas in a liquid at a definite 
temperature f C. may be defined as the volume of gas, 
measured at and under a pressure of j) atmospheres, 
which is dissolved by iiuit volume of the liciuid when the 
pressure of the gas on the liquid at equilibrium is p atmo¬ 
spheres. 

That the solubility-coefficient s so defined is the same as 
the ratio of the concentrations of the gas in the liquid and in 
the space above may be shown as follows :— 

At 0® 0. and under I atmosphere pressure, 1 gram-moleoule 
of a gas occupies 22-4 litres. 

1 litre of the liquid dissolves s litres of gas measured at 0. 
and p atmospheres, 

273 

s y. -: X P litres measured at (!'’ G. and I atmos. 

273 + t ^ 


. 273 

273 + t 


X 


_IL 

22-4 


gram-molecules of gas. 


the concentration of the gas? in the liquid is 


s X 


273 

273 + t 


P 

22-4 


gram-molecules per litre. 


1 gram-molecule of gas occupies 22-4 litres at O’’ C. and 1 atmos. 
1 gram-mplesule of gas occupies 

nn.j 273 + 1 ^ 1 /t 

22 4 X 273 - ^ p »» t G. „ p „ 

the concentration of the gas in the space above the liquid 


273p 

22-4(273 + f) 


gram-molecules per litre, 


_ conoentration of gas in the liquid 

onoentration 0 ^ gas in space above liquid 
^ X 27^ X P 22*4(273 + 0 _ . 
4073 +Qa2-4 273 x p 
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The absorption-coefficient of a gas in a liquid at f C., in terms 
of which the solubility of gases is often expressed, is the 
volume of gas, measured at 0 ° C. and 1 atmosphere pressure, 
absorbed by unit volume of the liquid when the pressure of 
the gas above the liquid is 1 atmosphere. 

From a mixture of gases the quantity of each dissolved is 
proportional to its partial pressure at equilibrium. 


Law of Mass-aotion—Equilibrium and Temperature— 

Affinity—Examples 


Pboblism 166. —a =« 9 2 grams of nitrogen peroxide occupy 
at « 27’’ C. and under a pressure of P = 1 atmosphere a 
volume Vj = 2*95 litres, and at =» 111° G. and under the 
same pressure a volume v.^ «= 6-07 litres. Calculate the de¬ 
grees of dissociation and n^, and the dissociation-constants 
Ki and JTj of nitrogen peroxide at C. and C., and also its 
molecular heat of dissociation. 

Solution 166.—According to the gas laws the number n 
of molecules in the volume v^, at the temperature and 
under the pressure P, is 

Pv, 

” “ /J(273 + «,)• 

If ilf a 92 is the molecular weight of N 2 O 4 and the fraction 
of the Nj ,04 molecule^ which are dissociated according to the 
equation N 2 O 4 ■* 2 NOa, ^ grams of nitrogen peroxide 

contain -^(1 - aj) molecules of N.jO* and molecules of 

NOj. From t^ it follows that 


a 


and 


jl/ (1 + “w - fl(273 + «,) 
MPv^ 

“1 “ amm + < 1 ) “ 

Similarly, for the temperature t% C., we get 

MPv^ 


<iP(273 ijj) 


- 1 . 


Substituting the numerical values given in the problem, 

we find* 
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92 X 1 X 2’96 
' 9 2 X 0 082 7¥60 
92 X i X 6 07 


- 1 = 0 * 20 , 


“ 9*2 X 0 082 X 384 ~ ^ ~ 
The dissociation-constant K of the reaction 


N,0, 2N0, 


18 


K - 


[NO.p 
Nji. 


if the square brackets denote the concentration in moles per 
litre of the enclosed molecules. 

For t,“ C. [NA] = B If- »“>* I NO*] = 5- 
therefore 

4 flu j, 2 

\Mv^) 


Similarly, for C., 


K, ^ 


<l(l “■ a,) (1 - af)Mvf 


(J — Oif) M'Oj. 

Putting in the numerical valueis we (iud 

4x9-2^ (0-20)'‘^ 

n-fto V 00 V O QA* o*oo68, 


K, 


0-80 X 92 X 2-95’ 
4 X 9-2 X 


0'07 X 92 X 6-07 


= o*8i6. 


The heat of dissociation Q of a gram-molecule of N.j^ can 
be calcillafcd from the dissoteiation-constaut by van’t Hoff's 
equation 

d log. K - Q 


dT 


RT^ 


Integration between the temperatures « 273 + ti and 
2g => 273 + ^2 gives, if we assume that Q does not change in 
this interval, 


RTyT^ . ^ 
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Substituting the numerical values gives 

1*986x300x384 , 0*816 

Q“-gi-X 2-3 X logo^ooeS"** ■ '3*®® 

Note, —The equation for the dissociation of N 2 O 4 may also 
be written 

N 2 O 4 = NO 2 + NO., 
and the dissociation-constant 


[NOJ [NOJ 

TnA] 

where each NO., molecule is considered separately. 
We have then (see above) at 


[NA] = M = ffiv 

and, similarly, at 

[NA] - [NO,] [NO,] 


Hence 


(1 - a,)Mv, 


0 * 0017 , 


(1 - aJMl), “ ®'*®'«- 

For a given temperatqre either the expressions 

IT 4:aa* aa^ 

^ “ (i - a) Mv ^ - (1 - a)Mv 


may be used. The expression chosen must, however, be 
retained throughqj;it any series of calculations dcalyig with 
the same reaction. 

It is evident that the value we obtain for Q is not affected 
by the expression chosen for Z, since the ratio re¬ 

mains constant. 

Pboblbm 167.—If a ^ 3*6 grams of phosphorus peuta- 
ohloride is heated to ^ = 200*’ C., it volatilises completely, and 
the vapour occupies a volume 1; >=> 1 litre under a pressure 
P ■» 1 atmosphere. At the same time it dissociates parMa^y 
into phosphorus trichloride and ohlorine. Oaloulate the 
dqgree of dissociation a and the dissociation-oonstant 
phosphorus pentaohloride at this temperature. El^ro^ the 
ophcenti^ons in gram-molecules per litre. 
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SoiiUTtON 167.—As in problem 166 the number of mole¬ 
cules which occupy the volume v at the temperature T" abs. 
and under the pressure P atmospheres is 


n = 


RT 


If M i leoular weight of PCI 5 and a the degi’ee to 

which ssociated according to the equation 

PCI, = PCI, + CI2, 


then the volume v contains ^(1 ~ a) moles of POI 5 , 



moles of PGlg and — moles of Cl,. 


Accordingly 


and 


a 


n 1^(1 +a) =* 


Pv 

RT* 


MPv 1 _ 208 X 1 X 1 

aBT ” "" 3-60 x 0-082 x 473 


0 * 49 , 


and the dissooiation>constant at 200 '" G. is 

K = 

[J?Gy" 


a^a 


M{1 - a)i> 

(0-49)2 X 3-60 . . 

-T == 0*00815. 

508 X C*51 X 1 , 


Problem 168 (cf. preceding problem).—What pressure P 
is developed when a = 3*6 grama ol solid phosphorus penta- 
cbloride in « 1 litre of chlorine at t' = 18° 0 . and under 
a pressure p 3 : 1 atmosphere, is heated at constant volume to 
t « 200 °<;.^ 

Solution 168.—Acoording| to the law of mass-action the 
dissociation of the PCl^ is diminished in presence of the 
gaseous ohlorine^ In this case also the equation 

• ( 1 ) « K 

^ ^ [PCI,] 

must be satisfied. 

Let a be the degree of dissociation of the PCI, at 
pi^seuce of the gaseous chlorine; then the number of 
cutes of PCI5 in the volume -o is 
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and the concentration of the FClj is 

(2) [pcy.. 

Similarly, the number of PGI 3 molecules in volume v is 

Cba 

w 

and the concentration of PCI3 

(3) fpcy = 

The number of Cl^j molecules is the sum of the two quanti¬ 
ties n and n'. The n molecules are derived from the dissociation 

of the PGI 5 and are equal to the number of PGlg molecules 
/ 

s The n' molecules are derived from the chlorine 

M 

originally present, and at t'° G. = 273 + = T' abs. and under 

a pressure of p atmospheres the volume v litres contains 


’ “ RT'^ 


molecules of Gl.^, 




w 

We get, tlierefore, 
(4) [Gl,] 


n + n 
V 



jP. 

BT'' 


From (1), (2), (3) and' (4) we detain 

I f ad p \ /aa p \ 

o\Mv’^'Rr) Auv’^Rt). 


x = 


<Xa 

Mv 


a(l ^ a') 


1 - a' 


Mv 


( - 

In this equation only a is unlfnown, and can, therefore, be 
calculated as follows :— 

JT F ^ ^ ^ a. -iE 
^ “ Mv~ iiT". 

<“) +“ - T' 


P tr\ fM^V^ ( p _\2 MvE 
“ 2a \Rf' ^ \hT' + + a 


208 X 1 

2x3 


if_L_ 

•6'0-082 X 


291 


000815^ 


/ 
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^4 I (ley ^0-082 X 291 


St 208 x 0*00816 


« - 28-85 (0 0419 + 0*00815) + 72 08 + 0-471 
- - 1-442 + 72-55i 
= 0-155. 

The total number of molecules of P(Jlj -t* PCI 3 + CL^ is 
therefore, 


a(l*- a) 2aa' 

” Tr P "TT” + jJrTi 


M 


M 


pv 

Rf" 


3*6 X 0-845 , 2 X 3-C X 0-155 _ 

■' (-Vao 


1 


208 ^ 208 ^ 0-082 x 291 

= 0-0146 + 0-00536 + 0*0419 - 0*0619. 


The total pressure P developed by lieating a grams of 
PGI 5 in V litres of chlorine, at p atmospheres and G., to 
200“ G. is, therefore, 

^ NET 0-0619 X 0-082 x 473 . 

p »—-—= -- - 3 ::: 2*40 atmospheres. 


Problem 169.—Nitrogen and oxygT^n combine at high 
temperatures to form nitric oxide, according to the equation 

Ng + Og - 2 NO. 

The equilibrium-constant .ojb T - 2675“ abs. is 

= Tf = 3-5 X 10-3. 


_[N01‘ 

[n7i [O 2 J 


•What yield of NO (in percentage by volume) is obtained at 
this temperature and at normal pressure ( 1 ) from air, ( 2 ) from 
a mixture of 40 per cent. 0? and 60 per cent. Ng by volume, 
and ( 3 ) from a mixture of 8 ji) per cent. Og and 20 per cent. N.g 
by volume ? 

Solution 169.—Let the yield of NO in percentage by 
volume be x. Then, since the reaction takes place according 
to the equation 

Ng - 1 - Og = 2 NO, 


from a mixture which originally contained a per cent, of 
Og and h per cent, of Ng by volume, we get at equilibrium 

X per cent, of NO> (<*“§) cent, of Oj and ^5 - per 

cent, of by volume. 
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Since the oonoentrationB are proportional to these per* 
oentages by volume, we get from the law of mass-action 






Jr - 3-6 X 10->, 


or, solving the quadratic equation for a;, 

Kia + b) Ima + MT' 

* " “ 4 - A' ■ V (i - ^ 

and since K is small compared with 4, we may take, with 
sufficient approximation, 


X = 

We get, therefore, 




K{a + b) 
4 


(1) for air, where a = 20’8, and h - 79*2, 

jCj => 2*4 - 0 09 = 2*3 per cent. 

(2) for a = 40 per cent., and ^ = 60 per cent. 

= 3*8 per cent. 

(3) for a = 80 per cent., and 6 = 20 per cent. 

= 3*3 per cent. 


Problem 170 (cf. preceding problem).—What must be 
the initial composition of the mixture of Oi and Ng to give 
the maximum yield of KOV 
Solution 170.—The yield of NO is 


X = 


c. 


K(a + b) 
- 1 - » 


or, since a -f 6 «= 100 in mixtua^s which consist hf Oxygen 
and nitrogen only, ^ 

X « JKaiXm ~ a) - Z X 25. 

To obtain the particular concentration a for which a; is a 
maximum, we must diflferentiate x with respect to a, and put* 
the differential coefficient « 0 : 

Tkis expression becomes » 0 when a » 60 per cent. ^ 

The yield is therefore greatest in a mixture of equal yoltiinea 
of oxygenvud nitrogen. 
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Pboblem 171.—On rapidly heating solid ammonium 
iodide to i = 367* C. a vapour-pressure F « 276 mm. is pro¬ 
duced, which, owing to the almost complete dissociation o! 
the ammonium iodide, is practically entirely made up of the 
partial pressures of the dissociation-products HI and NH*. 
On keeping the system at this temperature for some time, 
the vapour-pressure increases, because the hydriodio acid 
dissociates According to the equation 

2 HI = Ha + I,. 


What is the value of the vapour-pressure P' at complete 
equilibrium, if the dissociation-constant for the reaction 
2 HI = Ha + I is 


K = 0015 ? 


(H2) (la) 

(ni)=* 

Solution 171. —The total vapour-pressure P is equal to 
the sum of the pai-tial pressures of the individual molecular 
species. These partial pressures may, for shortness, be ex¬ 
pressed by the chemical symbols enclosed in round brackets. 
On heating rapidly we get then 

P = (NHJ) 4- (NH 3 ) 4, (HI), 
and at complete equilibrium 

F = (NH4I) + (NH3) + (HI) + (Ha) 4 - (Ij). 

Since the dissociation of^NH^I into NHg and HI is almost 
complete, (NH^I) may be neglected In comparison with (NH 3 ) 
and (HI), so that we obtain 

P « (NH3) ^ (HI) 

and 


(NH,) (HI) = -f. 

For the dissociation of NH 4 I vapour the mass-action 
equation 

(NH 3 ) (HI) = .^'(NHJ) 

must always be satisfied. If NH^I is present as a solid phase, 
then (NHJ) is constant for a given temperature, and, therefore, 

^ - 

. The dissociation of HI into H, and 4 takes place aoooid* 
ing ^ file equation 

2 HI 4-1,. 
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At complete equilibrium, reached after heating for some time, 
the following equations must, therefore, be satisfied:— 

(1) (NH,) =(HI) + ffll+Jil. 

(2) (H,) = (I,), 

(3) (NH,) (HI) 

(Hr )2 ' == 

(5) F (NH 3 ) + (HT) + (11,) 4 . (y. 

In these five equations the five magnitudes F, (NH,), 
(HI), (Ij) and (H,) are unknown. All the unknowns have, 
therefore, to be calculated. 

By eliminating (Ij) by means of equation ( 2 ) we obtain 

( 6 ) from (1): (NH,) = (HI) + 0,), 

(7) from (4) : (H^) = (HI) Jk, 

( 8 ) from (5): F - (NH^) + (HI) + 2(H,,). 

By eliminating (H,) by means of equation ( 7 ) we obtain 

(9) from ( 6 ) and (7): (NH 3 ) = (HI) (1 + JK), 

(10) from ( 8 ) and(7): F = (NH 3 ) + (HI)(1 +2 VZ) 

(3) divided by (9) gives 

From ( 11 ) and (9) we obtain 

(12) (NH,) - ^ ^/r+. . 

By substituting in equation (ll) the values of (HI) and 
(NHj) obtained in ( 11 ) and ( 12 ), we obtain 


r - IviVVS H- 1 

i> (a + 3j£) 

”2 jr+Tl- 

.Wi*h P - 278 mm. Hg, 

3 + 3 X 0-123 


(1- + 2 JK), 
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Problem 172.—Iron and water vapour react according to 
the equation 

Fe + HgO - FeO + 

until a certain state of equilibrium is reached. At =* 
1025° 0., and under a total pressure of 1 atmosphere, the 
partial pressure of the hydrogen at equilibrium is Pu 2 == 427 
mill. Ilg, and the partial pressure of the water vapour pnao = 
333 mm. At L = 900° C. the corresponding partial pressures 
are == 45(> mm., and 2 /h 2 o "= 310 mm. What is the 
value of Poa> dissociation-pressure of ferrous oxide pro¬ 
duced by its dissociation into metallic iron and oxygen, at the 
temperature — 1000° abs., if the percentage dissociation 
of pare water vapour at this temperature, and under a pres¬ 
sure P -- O'l atmosphere, is 6-40 x 10' '■? 

Solution 172.—In the reaction between iron and steam 
according to the equation 

Fo -f- up = FeO + H,, 

we have at equilibrium, according to the law of mass-action, 


( 1 ) 


pH'1 

PwiO 


K, 


I 


where the value of K depends on the temperature only. 
From the data given in the pi oblem K can bo calculated for 
the temperatures 1\ 273 -k, and = 273 + 

We must assume that ferrous oxide is dissociated to a 
definite, though small, extent, according to the equation 

2 FeO = 2 Fe O^. 


the degree of dissociation depending on the temperature. 
For ever^ tefhperature, therefo le, the partial pressure of the 
free oxygen Pq^, has a definite value. This free oxygen can 
react with the free hydrogen to form water vapour according 
to the equation 

O 2 + 2 H 2 = 2Hp. 

F this reaction we have at equilibrium, 


( 2 ) 


2 

P mo ^ ^ 

Poi ^ 


From (1) and (2) we obtain 


1 

P03 — ww* 
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For every temperature for whioh K and K' are known we 

can, therefore, oalculate Por 

K is known for the temperatures and Tg, and K for the 
temperature can be oaloulated from the dissociation of 
water vapour at that temperature. In order to calculate Poa 
for Tg, K for must, therefore, first be found. This can be 
done by calculating the heat of reaction, Q, for the reaction 

Fe + H^O = FeO + H, 

by means of vau’t Hoff’s equation ' 

dlog.^T Q 
~dT'~ “ “ BT^' 


Integrating betvveen the neighbouring temperatures and 

“ B\T, ~ 1\P 


Tg we obtain 


and, therefore, 


( 3 ) Q 




V ~ T 

For the temperature interval - T.^ we obtain similarly 




(4) Q 


log, 

■tig, 

f, - 3 ' 


and from (3) and (4) 

- *°S' ^2) “ 

C 


Hence 


r,), 


fog, =* log, JT “ fog, Xg), 


or, converting to common logarithms, and 
numerical values, 

. ^ ,450 1298 173 /, 42 

log Fg •=> log -gjLQ - jQQQ X (fog 32 

+ 0 * 268 . 


...1 _ 


Therefora Ka » r8i. . 

iPron^the fact that water yapow Vlfidor » presstmi F.A'^^l 
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»atmosphere is dissociated to the extent of 6*46 x lO'"® per 
cent, at Tg, the equilibrium-constant K for the dissociation 
of water vapour at may be calculated. The degree of dis¬ 
sociation a = 6-46 X 10“', and, since 1 molecule HgO gives 
1 molecule Hg and molecule 0 ^, wo have 

p„jj = aP, po 3 = and Ph 20 = (1 - a) P. 

Hence 

„ F-’(l -ay ^2(l-a)“^ 2 

aV‘-x\aP' a?P 'a?P' 
since a is very small, compared with 1 . If P is expressed in 
mm. of Hg as above, we obtain, therefore. 


and 


K - 


2 

(6*46)3 i0-^r>5 76 


= 1 X 1017, 


P02 = 


_ 1 _ 

K^K 


1 

(1*81)3 ~1017 


= 3*1 X 10 '^® mm. 


ProbIjEM 173 (of. preceding problem).—What is the 
affinity, in calories, at '1\ =■ 1000 “ of iromto oxygen under a 
pressure equal to its partial pressure in the atmosphere, and 
at what temperature would ferrous oxide, heated in contact 
with air, di.ssooiate into metallic iron and oxygen, if the mole¬ 
cular heat of formation of ferrous oxid^ is 64G00 calories, and 
is assumed to be independent of the temperature? 

Solution 173.—The affinity of iron to the oxygen of the 
air is measured by the work wliidi can be gained by the 
reversible union of one molecule of gaseous oxygen at a 
pressure of 1/5 atmosphere with metallic iron. For the 
reaction 


2 Fe -i- = 2 FeO 


the equilibrium-constant at is K ^ VPo 2 > where pog is the 
oxygen dissociation-pressure of ferrous oxide at Ty 
From equation ( 14 ), therefore, at 


A * i^Tglog, I/JJ 02 + ^rglog, 1/5 
=* BTs\og,ll5 - RT^\og,2)o2. 


From Problem 172, for « lOOO”, po 2 * 
** — *“ ^ 10 ”®^ atmosphere, 

6 


3*1 X 10-»8 mi 
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Therefare, 

A ^ 2-3 X 1-985 X 1000 (log 1/5 - log 4-1 x 10-«) 

- 2-3 X 1-985 X 1000 x 19*7 
« 90000 calories. 

The relation between the dissociation-pressure of ferrous 
oxide and the temperature is given by the equation 

dlog^j? _ -Q 
df ~ 


or, integrated between and 

P 3 Q f I In 

“ rKt,- t} 

where Pr 1 *^® dissociation-pressures at and Tr 

respectively. Q is the heat of dissociation of 2 molecules of 
FeO, i.e. the heat of the reaction which involves the forma¬ 
tion of one molecule of oxygen from 2 molecules of FeO, and 
therefore, = - 129200 calories If is the temperature at 
which = 1/5 atmospheie, then 


log 


41 X 


10 

jj_ 


and 


1/5 


_129200 /_! 
2-3 x~l 98 \ 1000 


-T> 


2; “ 1000 ^ 129200 ' ^ log (2 05 x 10"2») 

= 0-001 - 0-00069G = 0-000304, 

T, = 3290 ° abs. I 

Problem 174 (using the results of the two preceding pro¬ 
blems).—Iron and carbon dioxide react according to the 
equation 

Fe+ CO 2 “iFeO + CO. 

w 

At 1000° abs,, and under a total pressure of 1 atmosphere 
the partial pressure of the carbon dioxide at equilibrium is 
P 003 ■* 496 mm. Hg, and that of the carbon monoxide pco ■* 
265 mm. What is the degree of dissociation of pure carbon 
dioxide (into carbon monoxide and oxygen) at this temper^ 
tore and under the pressures Pj =« 0 * 1 , P 2 “ I ^9 “ 
atmospheres ? 

^ SoLUTZOK 174.—For the dissociation of carbon dioxide into 
carbon monoxide and oxygen according to the equation 

2 OO 2 - 200 + Ojft 
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the law of mass-aotion gives the equilibrium equatiou 

^ Poa 
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( 1 ) 




K'. 


If the carbon monoxide and carbon dioxide are in equi¬ 
librium, not only with the free ox>gen but also with metallic 
iron and solid FeO according to the equation 

Fe + CO, - FeO + CO, 
the equilibrium equation 


( 2 ) ^ 


K, 


must also be satisfied 

Finally, the equilibrium-prossuie of the free oxygen is equal 
to the dissociation-pressure of FeO at the tempeiature in 
question (cf. Problem 173), From (2) and (1) we obtain for 
the dissociation-constant of carlion dioxide 


K' = jOoa 


For 1000^ abs. 


2 ) q 2 — 4*1 X 10 ~ atmob})here, 
and if = = 0-536, 

therefore, 

K = 4-1 X 10- ‘-^1 X (0-535)2 = 1*17 x 10 "“i. 

‘F*-om this value the degree of dissociation a of carbon 
dioxide ividtg the pressure P may be calculated, since 

aP 

Pco 2 = (1 - a)P, Pqc. »= aP and ^02 “ • 

Prom (1) w© obtain 


a^P^ X 


aP 


or 


a?P 

2(1 - af 




Sino© the value ol K’ is very small, a must be small com- 
l^red with 1 for all but very small values of P; hatu^e 
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and, for = O'l atmosphere, 

= V20'xT 17 X 10-^^ = 2-86 X lo-^, 
for P., = 1 atmosphere, 

= 5^2 X 1*17 X = i’33 X lo'"^, 
for Pg == 10 atmospheres, 

ttg = \/200 X 1*17 X 10 = o'6i6 x 

ProbiiRM 175 (of. preceding problem). —Carbon monoxide 
and water vapour react to form water-gas, that is, a mixture 
of these two gases with their reaction products, hydrogen and 
carbon dioxide. What is the composition of this mixture at 
equilibrium at a temperature of 1000° abs. and under a total 
pressure (1) of -= 0*1 atmosphere, and (2) of Pg = 10 
atmospheres, if the carbon monoxide and water vapour from 
which the equilibrium mixture is produced were originally 
present in equal volumes? 

Solution i7r).--Wafcer vapour and carbon monoxide react 
according to the equation 

HgO + CO = 11., + GOg. 

The mass-action equation at equilibrium is, therefore, 

g) PeliP^2^ = K, 

Ph20 • PcO 

where etc. are the partial pressures of the various gases at 
equilibrium. Since at the same time both water vapour and 
carbon dioxide are dissociated to a certain extent, the former 
into Hj and 0.^, and the latter into CO and Og, the equations 

( 2 ) ^ 

and (3) = K., 

P-coa 

must also be satisfied. 

Ki and K., for 1000“ abs. are known from the pre 
examples. By dividing (2) by (3) we obtain 

P"m 2 • P^cog ^ ^ ^ 

p'-'-ao . p“co __ i:,* 

01 K - JB 
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From problem 172 the value of jSTjis 1 x 10 “ if the 
partial pressures are expressed in mm. Hg, and, from problem 
174, ’A' 2 = 3 '17 X 10 "■ if the partial pressures are expressed 
in atmospheres. To obtain the value of when the partial 
pressures are also expressed in atmospheres, 1 x 10 “ must 
be divided by 760, giving = 1-24 x 10 
For the numerical value of K we therefore obtain 


K 


jl -24 x lO ^^" 
V]-17‘x'l0 


s/io-o 


;3-26. 


The mimorical value of K is independent of the arbitrary 
unit of pressure, because both numerator and denominator of 
r?(jiiation (1) are of the same degree with respect to p, or, in 
other words, l)ecauso the reaction takes place without change 
of volume (or pressure). 

ff the frabtioii x of unit volume of water originally present 
is transformed into (X)^ and which are formed in equal 
volumes, there will be in the equilibrium-mixture (1 - x) 
vol. IlaO, X vol. CO.j, X vol. and, if the initial volumes of 
CO and H.^0 were equal, (J - x) vol. CO ; hence 


x'^ ^ X 

{f-'xf * ' r- » 

and a; = 0‘644. 


= 1*81, 


From a mixture which originally contained 50 by volume 
of H^O and 50'/^ by volume of CO, tltere is formed, therefore, 
an equilibrium-mixture containing 

32-2 7oCOa» 33*2 7„Ha, 17*8 7| CO and i 7*8 7„HaO by 
• volume. 


Sine® K K independent of the pressure, the composition of 
the equilibrium-mixture is alA independent of the pressure. 

Problem 176 (of. preceding problem).— The molecular 
heat of combustion of hydrogen is = 58000 cals., and that 
of carbon monoxide is = 68000 oals. What is the com- 
jJbsition at equilibrium of the water-gas formed from equal 
volumes of water vapour and carbon monoxide (1) at a 
temperature T, = 800" abs., and (2) at a temperature T« « 
1200" abs. ? 

Solution 176.—The reaction HjO + CO « -p COj, is 
made up of the two subsidiary reactions 

(1) HjO - Ha + iO„ 
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The heat of reaction (1) is Qx ** ^8000 oals.t and of reaction 
i^) 68000 cals. The heat effect of the total reaction 

HjO + 00 « Hj + OOj is, therefore, 

Q * Qi 4- O 2 "" "i" 10000 cals. 

The equilibrium-constant K changes with temperature accord¬ 
ing to the equation 

d log, Z __ - Q 
dT “ jST» ■ 


Integration between the neighbouring temperailures T and Tj 
gives 

and similarly between the temperatures T and 
(4) log. — - ± - JL). 

From problem 175, the value of A for T =* 1000“ abs. is 
3*26. Zj for Tj = 800° abs. and for 1\ = 1200° abs. may, 
therefore, be calculated From (3) we obtain 

log Zj = Cog Z - 

_ HKIQ ,0-4343 X 10000 x 200 
1985 X 1000 X 800 


= 0-5V3 + 0-55Q - 1-065, 
and, therefore, Kj « ir 6 . 


Similarly, from (4), ^ 

logx, 

6 2 & 

= 0-149, 
and K 2 1 * 41 . 

If is the fraction of the waUr vapour transformed at Tj 
according to the equation H^O + CO = Hj + CO 3 , and x^ 
the corresponding fraction at then, as m problem 175, -Ae 
obtain 


.j —~ = n/Zj =* Vil 6 =s 3 40, 

X * J/i 

- 0-774. 

»na - s/Ta ^ 1-19, 

xl » 0 * 543 . 
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The oomposition of the water-gas mixture is, therefore, 
at 800*’ abs.: 

38*7 7o OO 2 , 38-7 VoHa, 11-3 7oHjO, 11*3 7„ 00, 

and at - 1200° abs.; 

27*1 7oC 02, 27-1 7oHa. 22-9 7AO, 22*9 7oOO. 


Problem 177.—A mixture of a = 10 °/„ by volume of SO^ 
and 6 =» 90 °l^hy volume of 0^ is passed at the rate of v « 5 
litres per hour (measured at atmospheric pressure and 20° 0.) 
through a tube filled with a catalytic agent and heated in a 
furnace to 723” G. In the tube combination to SO3 takes 
place, and we shall assume that the gases remain long enough 
in the tube for the equilibrium between the three gases SOg, 
O2 and SO3 to be reached, and that the gases leave the tube 
by a capillary so quickly that the equilibrium is not disturbed. 
On leaving the capillary the gas passes through a solution of 
barium chloride, from which it precipitates in i =» 2 hours 
A =• 6'84 grams of BaSO^. What is the equilibrium-constant 
Kp of the reaction 2SO2 + Oj “ 2SO3 at 723” C. ? 

Solution 177.—Let the fraction x of the SOg present in the 
initial mixture be converted into SO, at equilibrium. Then, 
since for every volume of SO3 formed one volume of SOg and 
half a volume of 0 ^ disappears, a volumes of SOg + b volumes 
of oxygen give at equilibrium a(l - x) volumes of SOg + ax 

volumes of SOg + 6 - -jr- volumes of oxygen. The total 

A 


volume at equilibrium is, therefore,!a + The total 

volum^^ has, therefore, diminished from a + & — 100 to 

a 4- 6 “ ^ = 100 - Siifoe the total pressure remains 
A A 

constant at one atmosphere^the partial pressures of the three 
gases at equilibrium are 



a - ax 

100 - j 


(SO,) 


ax 


100 - 


ax 

J 


and (Oj) 


h - 


ax 

2 



atmospheres, end, therefore, 
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(SO,)-^ -i- IL 


=: 

Ih 

(a - ascV 

K %) 


( 1 ) K, = 


(lOO - (lOO - 

(1 - xy (b 

X and, therefore, may be calculated as follows : Let n 
be the number of ^ram-molecules of a gas which occupy a 
\olume of I litre at 20° C. and atmospheno pressure. Then 

eram-molecules of SO., enter the furnace in time t. But 

the fraction x of the SOj is converted into SO3, therefore 

gram-molecules of SO3 leave the furnace in time t 

These are converted completely into BaS04 ^-ud weighed as 
such. If M is the molecular weight of BaSO^, there is, 
therefore, precipitated in time t 

. xnvatM u o/', 

and (2) a; » --4' 
f nvatM 

The equation P7 =» nRT enables us to calculate n. Here 
P = 1 atmosphere, V-^ I litre, P = 0 082 and T =* (20 + 273) 
« 293. Therefore, * 

« _ _ 1 X ,l n.n>iia 

RT 0 082 x^93 

and, substituting the numerical values in (2), 

100 X 5-84 _ « 

0 0416 X 6 X 10 X 2 X 233 

Finally, substituting the numerical values in (1), we obtain 

J. ' ’ \ _ a J _ 0 36 X 97 

^ “ (1 - 0-60)2 (90 _ 10 X 0-60 \ " 0-16 X 87 


0-36 X 97 


(1 - 0-60)2(90 - 
3-6. 


1 
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Partition Law—Example 

Problem 178.— The partition-coefficieut of iodine for water 
and oarbon disulphide is it = 0*0017. An aqueous solution 
of iodine containing a = O'l gram of iodine per JOO o.o. is 
shaken with carbon disulphide. To what value does the oon- 
centratioii of the aqueous solution sink (1) when a litre of it 
is shaken with 50 c.c. of carbon disulphide, (2) when a litre 
of it is shaken successively with five separate quantities of 
carbon disulphide of 10 c.c. each ? 

Solution 178.—(1) Let the concentration of the aqueous 
solution, after shaking with 50 c.c. of carbon disulphide, be 
T grams per 100 c.c. Then 10(n - x) grams of iodine have 
been extracted by the carbon disulphide. The concentration 
of the carbon disulphide solution is, therefore, 

10(a ~ x) y. 100 __ 

"50 

grams iodine per 100 c.c. Hence 


20(a - *) 


u: 




X 


%)aK 

i + 


20A 


20(a - x) 

0*0034 , 

1*034 <>'00339 gram per 100 0 . 0 . 


(2) Let the concentration of the iodine in the water, after 
first extraction with 10 0 . 0 . of carbon disulphide, be 
ims per 100 0 . 0 . Then 

•^1 = K 

100(a ’ 

lOO^^i: 


a?! « 


1 + lOOAT 

If the coiTcentration of the aqueous solution after the second 
extraction is a? 2 » obtain similarly 


K, 




100(aj^- £Ca) 

lOOx,^ / 11 

-* — = - 

U + 


100 fir 
mitJ * 


V 


1 + lOOfiT 

After the fifth extraction the concentration is, therefore, 

100.ff 


^ / JLUUA 

u + loojr/ 


0‘1 



> 6*47 X 10 “ ^ gram iodine per 100 0.0. 


lihe extraction has, therefore been practically complete^ 
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Solubility of Qases—Example 

Pboblem 179.—The solubility-coefficient of oxygen at 0“ 
is 5 » 0*04 and of hyrodgen s' *= 0 ’ 02 . What is the per¬ 
centage composition by volume of the dissolved when a 
litre of water at 0 ° is shaken in a closed space with 3 times 
its volume of electrolytic gas under an initial pressure of 1 
atmosphere ? What are the final partial pressures p and p' 
of the oxygen and hydrogen in the gas above the liquid at 
equilibrium ? * 

Solution 179.—Since | of the vohiuie of the electrolytic 
gas is oxygen, the initial partial pressure of the oxygen in 
Qie mixture is J atmo&pheie. Let p be the partial pressure 
of the oxygen at equilibrium. The volume of oxygen ab¬ 
sorbed by the litre of water is 

8 = 0'04 litre measured at 0" and p atmos. 

=. 0-04 X 3p litre „ „ „ ^ „ 

The oxygen left would occupy a volume of 3 - 0’04 x 3p 
litres at 0 ® and J atmos., but must fill the volume of 3 litres 
at 0 ® and p atmos \s the volume is inversely proportional 
to the pressure, we ‘obtain 

3 - Q-04 X 3j) ^ P ^ 3 _ 

3 ■ i ^ 

1 -^0'04p =«3p, 

p = 0*329 atmos. 

The volume of oxygen absorbed by the water is, therefore, 

= 0 04 litre at ()° and 0*329 atmos. 

= 0*04 X 0*329 litre at 0® and 1 atmos. 

= 0*0132 ,, ( ,, ,, 1 ,, 

Similarly for hydrogen, the initial partial pressure is 2/3 
atmos., and the final partial presfeire p' is obtained from the 
equation 

,, 002 X 3p' 

® ■ 2 p' Bp' 

§ " 2/3 —sr 

,\p' =° 0*662 atmos. 

•^The volume of hydrogen absorbed is 

0*02 litre at 0 ° and 0 662 atmos. 

« 0‘(12 X 0*662 » 0*0132 litre at 0® and 1 atmbs.^ 



MABS-ACTION, BTC.—PEOBLEM8 


91 


The total volume of gas dissolved is, therefore, 0 0132 + 
0 0132 os 0 0264 litre at 0” and 1 atmos, and since it con¬ 
sists of equal volumes of hydrogen and oxygen, the per¬ 
centage composition is 

O 2 50 per cent., H 2 « 50 per cent. 

Problems for Solution 

Mass-aotion^Equilibrium and Temperature—Affinity 

Problem 180 —When 2 94 moles of iodine and 810 
moles of hjdrogen aie heated at constant volume at 444® 
till equilibniim is established, 5 64 moles of hydnodic acid 
are foimed If we stait with 5 30 moles of iodine and 7 94 
moles of hydiogen, how much hydnodic acid is present at 
equilibiium at the same temperatiue ? 

Ans 9 49 moles 

Problem 181 (of preceding problem)—What proportion 
of hydnodic acid is decomposed when 1 mole is heated to 
444® till equilibiium is established ? 

Ans 0 2197 mole 

Problem 182.—When 5 71 moles of iodine and 6*22 
moles of hjdiogen are heated to 357® till equilibiium is estab¬ 
lished, 9 55 moles of hjdngdic acid sue foimed From the 
equilibiium constants calculated fiom these data and the 
data m pioblem 180, calcuUte the heat of formation of hy- 
driodio acid ftom h;ydiogen and iqdme vapour according to 
ftie equation 

H, + I, « 2HI 

Ans 9028 cals 

Problem 183—If J mole of acetic acid and 1 mole of 
ethyl alcohol are mixed, *10 reaction 

CH3 OOOH + C2H5OH = CH3 COOC.Hg + H3O 

proceeds till equilibrium is leached, when 1/3 mole acetic 
acid, 1/3 mole ethyl alcohol, 2/3 mole ethyl acetate, and 2/S 
mole water are present If we start (a) with 1 mole acid 
-t- 2 mules alcohol, (6) with 1 mole acid, 1 mole alcohol, and 
1 mole water, (c) with 1 mole ester -i- 3 moles water, how^ 
luach est^ is present in each case at eqiuhbrmm^ 

(^} W ^ (^) 0*46^moie. 
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Problem 184.—Above 150“ NO.^ begins to dissociate ac¬ 
cording to the equation 

NO^ = NO -H ^O^. 

At 390“ the vapour-density of NOg is 19’57 (H = 1), and at 
490° it is 18'04 Calculate the degree of dissociation accord¬ 
ing to the above equation at each of these temperatures, the 


equilibrium-constants K - expressing the con¬ 

centrations in gram-molecules per litre, and the heat of dis¬ 
sociation of NOo. 

Ans. rij = 0-35, a., - 0-55. - 2-818 x 10-2, 

K. = 7-716 X 10- 2. g ^ _ 937(i ^als. 


Problem 185.—At 49-7° G., and under a total pressure of 
261*4 mm. of mercury, NgO^isGSper cent, dissociated into 
NO.^. What would bo its degree of dissociation at the same 
temperature, but under a pressure of 93*8 mm, ? 

Ans. 80-4 per cent. 


Problem 186.—'What is the equilibrium-constant at 49-7" 
for the above dissociation, (a) for partial pressures in mm., 
{b) for partial pressures in atmospheres, (c) for concentra¬ 
tions in gram-molecules per litre, (d) for concentrations in 
grams per litre? 

Ans. {a) 172, (6) 172/760, (K) 0-00855, (d) 01966, 

or 4 times these numbers, according to the expression used 
for the equilibrium-constapt. See problem 166. 

Problem 187.—The vapour-pressure of solid NH4HS at 
25-1° is 50-1 cms. Assuming that the vapour i^ prsfouically 
completely dissociated into NH^ aud HgS, calculate the total 
pressure at equilibrium when solid NH^HS is allowed to dis: 
sociate at 25 1° in a vessel confoining NH^ at a pressure of 
32 cms. > 

Ans. 59‘5 cms. 


Problem 188.—What is the total pressure in the 
ceding problem when the vessel contains HqS at a presi 
of 32 oms. instead of NH3? 

Ans. 69-5 cms, 

Problem 189.—In the reaction 

3Fe -1- 4H^O - FeA + 4H, 
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there is equilibrium at 200^ when the partial pressure of 
steam is 4*6 eras., and that of is 95*9 cms. What is the 
pressure of at equilibrium when that of steam is 9‘7 eras. ? 

Ans. 202*2 cms. 

Problem 190 (of. preceding problem).—Iron is heated at 
200° in a closed vessel with steam at an initial pressure of 
1 atmosphere till equilibrium is established. What are the 
partial pressures of steam and hydrogen at equilibrium ? 

Ans. “ 0*0458 atmos., = 0*954 atmos. 

Problem 191 (cf. preceding problem).-—If the capacity of 
the vessel in the preceding problem is 2 litres, what weight 
of Fe-jO^ is formed at equilibrium ? 

Ans. 2*85 grams. 

Problem 192.—Amylene and trichloracetic acid react to 
form an ester according to the equation 

CCl,. COO FI + CJIio = CCI3. (JOOC^Hii. 

In an experiment at 100° the equilibrium mixture contained 
3*846 gram-molecules amylene per litre, 0*6594 gram-molecule 
acid per litre, and 2*111 gram-rnolcculeii ester per litre. If 
we start with 1 gram-molecule aoid, and 4*48 gram-molecules 
amylene in 638 o.c. at 100°, what is the composition of the 
mixture at equilibrium ? 

Ans. 0*174 gram-molecul% acid, 3*6^4 gram-molecules amy¬ 
lene, and 0*826 gram-molecule ester in 638 c.c. 

Problem 193. -Solid NH^GN has a considerable vapour- 
pressure at ordinary temperatures,! and the vapour is practi- 
C5|]Jv completely dissociated into NH3 and HCN. At 11° C. 
tholotal vapour-pressure is 22*7 cms. of mercury, (a) What 
will be the partial pressure 8f HCN if solid NH4ON is al¬ 
lowed to sublime at 11° in a closed vessel filled with NHg at 
a pressure of 32*28 oms. of ^heroury? (5) What will be the 
final total pressure ? 

Ans. {a) 3*595 cms. Hg, (6) 39*47 cms. Hg. 

Problem 194.—If the volume of the vessel in the preced¬ 
ing problem is 1 litre, how much NH^CN will sublime ? 

Ans. 0*00203 gram-molecule. 

Problem' 195.—At 96° the ammonia dissociation-pressure- 
0! the compound LiOl. NHg according to the equation 

LiOl. NHg - LiOl + NHg 
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is 367 mm. of meroury, and at 109 2’’ it is 646 mm. Oal> 
oulate the heat of dissociation of the compound, 

Ans. - 12000 cals. 

Peoblbm 196.—At 2000" C., and under atmospheric pres¬ 
sure, carbon dioxide is 1 *80 per cent, dissociated according to 
the equation 

2CO^ = 200 + 0.,. 

Calculate the equilibrium-constant for the above reaction 
using partial pressures (in atmospheres). 

Ans. 3 X 10 

Problem 197.—What is the equilibrium-constant in the 
preceding problem, if the concentrations are expressed in 
gram-molecules per litre? 

Ans. 1*61 X 10 

Problem 198.—At 28*85° the vapour-pressure of the system 
BaCL^, 3H2O - BaClg, H2O is 7*125 itim., and at 31 *65° it is 
8*946 mm. Calculate the heat of hydration of BaCl^, H2O 
to BaCh. 2H2O by water vapour. 

Ans. 14910 cals. 

Problem 199.—At 30*20° the vapour-pressure of the 
system CUSO4, SHgO - CUSO4, 3n„0 is 10*90 mm., and at 
26*30* it is 8*074 mm. Calculate the heat of hydration of 
GuSO^, SHgO to CuSO^, SHjO by water vapour per gram- 
molecule water. " 

Ans. 13940 cals. 

Problem 200 (cf. preceding problem).—At 30*20° and 
26*30* the vapour-pressure of water is 31*93 min. and 25*4S 
mm. respectively. Calculate the heat of hydratiuu of 
OUSO4, 3HjO to CUSO4, SHgG by liquid water per gram- 
molecule water. 

Ans. 338^cals. 

Problem 201.—The solubility' of boric acid in water is 
38*45 grams per litre at 13°, and 49*09 grams per litre at 20. 
Oaloulate the heat of solution of boric acid per gram-molecule. 

Ans. - 5840 oals. 

Problem 202.—The solubility of succinic acid at 0° is 2*88 
gram-molecules per litre and at 8*5° it is 4*22 gram-moiecuW 
per litre. Caloulate the heat of solution of sucdfnic acid per 
gram^molecule. 


Ans. ^ 6900 oals. 
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Problem 203.—The dissociation-pressure of GaCOg at 810** 
C. is 678 mm. and at 865° C. it is 1333 mm. Calculate the 
heat of dissociation of OaCOg. 

Ans. - 30110 cals. 

Problem 204 (of. preceding problem).—At what tempera¬ 
ture does the dissociation-pressure of CaCOj become equal to 
1 atmosphere. 

Ans. 818° C. 

Problem 2t)5 (of. preceding problem) — What is the 
affinity of CaO to CO^ at atmospheric pressure at a tempera¬ 
ture of 810° 0. ? 

Ans. 246 cals. 

Problem 206.—At 10° the solubility of RgCL is 6*57 grams 
per 100 c.c and at o0° 11'84 grams per 100 o.o. Calculate 
the heat of solution per gram-molecule. 

Ans - 2669 oals. 

Problem 207.—At 10° the electrolytic dissociation-con¬ 
stants of acetic and butyric acids are 1*79 x 10 “ ^ and 1‘66 
X 10 ■ * respectively, and at 40° they are 1-87 x 10 " ^ and 
1*62 X 10 “ Calculate the heat of ionisation at 25" (n) of 
acetic, (5) of butyric acid. 

Ans. (a) - 256 6 cals., (6) 144 cals. 

Problem 208. — At 10° the ionic product of water is 
0*314 X 10 and at 34° 2 f6 x 10 Calculate the heat 
of formation of HjO from H and OH'. 

Ans. 13950 cals. 

, 4^oblem 209.—At 25° the degree of dissociation of o-chlor- 
bemsbic acid»at a dilution of 512 litres is 0*557 as measured 
by the conductivity; at 40° aiid at the same dilution it is 
0*521. Calculate the heat of dissociation of the acid at 32*5°. 

Ans. -2614 cals. 

•Problem 210.—At 20° th^ solubility of AgBr is 4*6 x 10 " ^ 
^ram-molecule per litre and at 25° it is 7*3 x 10 ~ What 
18 the heat of precipitation of AgBr ? 

Ans. 16880 oals. 

Problem 211.—At 20° the solubility of AgOl is 1*1 x 10 
giram-moleoula per litre and the heat of precipitation of AgOl 
is 16000 oals. what is the solubility of AgOl at 30° ? 

Ars. 1*73 X 10 “ * gram-mol/Utre 
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PbobIiBM 212.—At 670“ C. the oxygen dissociation-pressure 
of BaOo is 80 mm. and at 720“ C. 210 inm. (a) What is the 
heat of the reaction 2Ba02 = 2BaO + Og? (6) At what 
temperature is the dissociation-pressure equal to the partial 
pressure of oxygen in the atmosphere (152 mm.)? 

Ans. (a) - 36090 cals., (b) 703“ C. 

Problem 213 (of. preceding problem).—What is the maxi¬ 
mum work obtainable at 670° C. by the formation of 2 gram- 
molecules of Ba02 from BaO and oxygen at the pressure at 
which it occurs in the atmosphere ? 

Ans. 1203 cals. 


Problem 214.—At 2000° C. the equilibdum-constant for 
pressures in atmospheres for the reaction GO -f == COjj 
is 1‘07 X 10-*. What is the maximum work obtainable by 
the formation at 2000" G. of t gram-molecule of GO^ at 
atmospheric pressure from 1 gram-molecule of GO and 
gram-molecule of Oj, both at atmospheric pressure ? 

Ans, 21210 cals. 


Partition Law 

Problem 215.—At 15° an aqueous solution of succinic acid 
containing 0-070 gram in 10 c.c. is in equilibrium with an 
ethereal solution containing 0-013 gram in 10 c.c. Succinic 
acid has its normal mohcular weight in both water and ether. 
What is the concentration of an ethereal solution which is in 
equilibrium with an aqueous solution containing 0*024 gram 
in 10 0.0. ? ( 

Ans. 0*0044 gram in 10 c.c. 

Problem 216.—At 25° a solution of iodine iiT water con¬ 
taining 0 0516 gram per litre is in equilibrium with a CCl^ 
solution containing 4*412 grams iodine per litre. The solu¬ 
bility of iodine in water at 25° is' 0*340 gram per litre. What 
is the solubility in GGI4 ? 9 

Ans. 29*07 grams per litre. 

Problem 217.—In the partition of acetic add between 
CGI4 and water, the concentration of the acetic acid in the 
CCI4 layer was C gram-mols. per litre and In the correspond* 
idg water layer W gram-mols. per litre. 

C 0*292 0*363 0*725 1*07 1*41 

W 4*87 5*42 7*98 9*69 W’1 
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Aoetio acid has its normal molecular weight in aqueous solu¬ 
tion. f^om these figures show that, at these ooncentrations, 
the acetic acid in the GCI4 solution exists as double molecules. 

Problem 218 —In the partition of succinic acid between 
water and ether the concentrations of the acid in the water 
and ether layers were Cj and respectively. 

c, 0121 0 070 0 024 gram in 10 0.0. 

C2 0-022 0-013 0-004G 

In the distribution of the same substance between water and 
benzene the ooncentrations of the acid in the water and 
benzene layers were and respectively. 

C3 0 0150 0'0i95 0*0289 gram in 10 o.c. 

c, 0-242 0-412- 0-970 

Succinic acid has its noiinal molecular weight in water. 
What is its molecular weight (a) in ether, (d) in benzene ? 

Ans. (a) 118, (b) 236. 

Problem 219.—Phenol has its normal molecular weight in 
both water and amyl alcohol. At 25“ an amyl alcohol solu¬ 
tion containing 10-53 grams phenol per littfe is in equilibrium 
with an aqueous solution containing 0*658 gram per litre. 
What weight of phenol is extracted from 500 c.o. of an aque¬ 
ous solution containing 0*4 gram-raols. phenol per litre by 
shaking it twice with amyl alqphol, usii^ 100 c.c. each time ? 

Ans. 17 7 grams. 

Problem 220. — The partition-coefficient of iodine for 
CSj/water is 410. A solution of El containing 8 grams per 
^y^tfe was shaken with iodine and CS^ till equilibrium was 
ests^iisxied. The concentration of the iodine in the two 
layers was then determined by*titration with Na^SjOj. The 
a^eouB layer contained 2*15 grams iodine per litre and the 
OSj layer 35-42 grams per litre Assuming that in the aque¬ 
ous solution KI reacts with i^idine according to the equation 
KI»+ L = KI-, calculate the dissociation-constant of the tri¬ 
iodide, K « [El] [Ijj/pKL],, expressing the concentrations in 
gram^mols. per litre. (Ime concentration of the I3 in the 
aqueous layer obtained by titration is the sum of the free Ij, 
and the Ig combined with El in the tri-iodide. El and EI 3 
arc assumed insoluble in CS,.) 

Aus. Jr- 1-68 X 

•I 

Peoblsis 221 ,^In aqueous solution bensoio ao% exists 
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as singla moleoules, partly eleotrolytioally dissooiated. In 
benzene solution it exists partly as single and partly as 
double molecules, the proportions depending on the concen¬ 
tration. Taking the partition-coefficient water/beuzene for 
the single moleoules = 0*700, calculate from the following 
data the equilibrium-constant for the dissociation of the 
double molecules into single molecules in the benzene solu¬ 
tion according to the equation 

(C«H5G00H)2 = 2 C 6 H 5 . COOEf‘. 

At 10** the concentration of benzoic acid in the water layer 
=» 0*04:29 gram per 200 c.c. and the degree of electrolytic dis¬ 
sociation =5 0*169. In tlie benzene layer the concentration 
of benzoic acid = 0*144:9 gram per 200 c.c. Express con¬ 
centrations in grams per litre. 

Ans. K - 0-138. 

Solubility of Gases 

Pboblbm 222.—The solubility-coefficient of oxygon in 
water at 0“ is 0*04j and of nitrogen 0*02. If the composition 
of air by volume is assumed to be 21 per cent, oxygen and 
79 per cent, nitrogen, what is the percentage composition by 
volume of the gas expelled by boiling from water which has 
been saturated by free^ exposure^to air at 0”? 

Ans. 34*7 per cent. Oj, 65*3 per cent. Ng. 

Problem 223 (cf. preceding problem).—If the composition 
of the air w^ere Og = 20*6 per cent., Ng = 79 per cent., “ 
0*4 per cent, by volume, and the solubility-coefficient 

1*79 at 0®, what would be the percentage crmposi^on ol 
the dissolved gas ? 

Ans. Oj ■= 26-40 per cent., Ng = 60*64 per cent., 

CO.2 = 22*9^ per cent. 

Problem 224.—1 litre of oxygen-free water is shaken in 
a closed space at O'* with 1 litre of oxygen at an initial pres¬ 
sure of 1 atmosphere, (a) What 'volume of oxygen, measured 
at 0° and 760 mm., dissolves, and (b) what is the pressure of 
the oxygen over the water when equilibrium is established ? 

Ans. (a) 38*6 c.c., {b) 0*9616 atmos. 

Problem 226 (of. preceding problem).—1 litre of oxygeu 
is shakeii with 10 litres of water at 0 ^ in a closed vessel; 
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The iaitial pi-essure of the oxygen is 1 atmosphere, (a) What 
volume of oxygen (at 0” and 760 mm.) dissolves, and (b) what 
is the final pressure of the undissolved oxygen ? 

Ans. (a) 285‘6 c.c., (6) 0 714 atmos. 

Problem 226.—What is the percentage composition by 
volume of the gas dissolved when a gas mixture containing 
21 per cent. Oj and 79 per cent. N.^ by volume, and under an 
initial total pnessure of 1 atmosphere, is shaken in a closed 
vessel at 0° (a) with an equal volume of water, (6) with 10 
times its volume of water? 

Ana. (a) 3418 per cent. Oj, 65-83 per cent. N,. 

(6) 31*42 per cent. O^, 68-58 per cent. N.2. 

Problem 227.—The solubility-coefficient of CO^ at 0° is 
1-8. What weight of GOj under a pressure of 4 atmospheres 
will dissolve in a litre of water at 0° ? 

Ans. 14*1 grams. 

Problem 228.—What is the relation between the solu¬ 
bility-coefficient 5 of a gas at and the absorption-coefficient 
a of the gas ? 


Ans. s 


a(273 -f t) 
'273 
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OHM’S LAW.- HEATING EFFECT OF CURRENT.—FARADAY’S 
LAWS.—SPECIFIC. EQUIVALENT, AND MOTiECULAR CON¬ 
DUCTIVITY OF ELECTROLYTES--DEGREE OF DISSOCIA¬ 
TION.—DISSOCIATION-CONST ANT.- IRANSPORT NUMBERS. 
—SOLUBILITY-rRODUCT.—HYDROLYSIS 

Ohm’s Law 

A OCORDING to Ohm’s law, the current C produced in a 
conductor of resistance R by the potential difference E 
between the ends of the conductor is 

E 

(l) C =s 

If E is measured in volts, and R in ohms, C is obtained in 
amperes. 

Quai^tity of JSleotrioity 

If a current of C amperes flows through a conductor, the 
quantity of electiioity which passes any cioss-section of the 
conductor in t seconds is 

(3) PF =* Ci coulombs 

Heating Effe*ut of Current 

The ourient C amperes flowing through the resistance B 
ohms for t seconds, under the potential difference E volts, de> 
velops the quantity of energy ' * r 

(3) Q " WE « GEt a C^Btwolt-coulombs or joules 
w 0’239 X C^Bt oaloriej? 

since 1 joule » 0*289 calorie. 

Faraday’s Laws 

Faraday’s laws state that the ^uantily of an Mi 

by an eleotcio ourrent is pr 0 |Otteal to th^ f 

m ‘ 
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of eleotrioity which passes any cross* secinon of the electro- 
lyte, and that the quantities of different electrolytes decom¬ 
posed by the same quantity of electricity are proportional to 
their chemical equivalents. These statements may he 
summed up as follows. The quantity of eleotrioity, 96540 
coulombs, is required for the decomposition of 1 gram-equi¬ 
valent of any electrolyte, or for the liberation of 1 gram- 
equivalent of any cation or anion. The quantity of electricity, 
96540 coulombs, is called one faraday, and is usually denoted 
by the symbol F. 

Heating Effeot—Examples 

Problem 229.— A thermostat of u - <S50 litres capacity is 
kept at a constant temperature of 25” C. by the heat developed 
by maintaining a current of 0 — 3'1 amp. through a resist¬ 
ance of i? = 22 ohms placed in the thermostat. How many 
degrees does the temperature of the thermostat fall in t =■ 30 
minutes, after switching off the heating current*’ 

Solution 229.—If the thermostat maintains a constant 
temperature, the quantity of heat given |iip to the surround¬ 
ings at any instant by evaporation of water, conduction and 
radiation of heat, must be equal to the quantity supplied by 
the heating current. 

The quantity of heat supplied by the heating current can 
be calculated from the data* given in^he problem. According 
to formula (3), the heat developed by the current in 1 second 
(t =** 1) is 0‘239 C^R calories. If the heating current is 
j3witohed off, the thermostat, therefore, gives up 0*239 C^R 
calories per second, and in t minutes 60 x 0’239 G'^Bt calories. 
If the thermostat contains v litres of water (speoifio heat « 1), 
in t minutes the temperatur#, therefore, falls 

60 X 0-239 X cm 60 x 0-239 x (3-1)2 22 x 30 

' " mOv “ " 1000 X 860 

OMO7® 

Problem 230.— For jfae production of the heating current 
in the previous problem only a potential of 220 volts is arail- 
Rble, A lamp-resistance is to be used for the necessary 
ourrent^regularion. How many lamps (in parallel) aref re¬ 
quired (1) if each lamp has a resistance of 1000 ohms ? 
(3) if eioh has a resistance of 300 ohms ? 



102 


FARADAY’S LAWS—EXAMPLE 


Solution 230.—According to Ohm’s law (i), C =» 

If, therefore, the only resistance in the circuit were the 

220 

heating-resistance R =» 22 ohms, the current would be ^ 

=* 10 amps. In order that the current in the circuit may be 

220 

C = 3*1 amps., the resistance must be increa'=ied to 2:^ 

a= 71 ohms. An additional resistance of 71 - 2»2 « 49 ohms, 
in series with the heating-resistance Is, therefore, required. 
This additional resistance is to take the form of glow-lamps 
arranged in parallel. 

(1) In the first case the resistance of each lamp is R, ohms. 
If such lamps are arranged in parallel their total resistance 

is " ^ ohms, and this must be == 49 ohms, 
n^ 

1000 
“ 49 - 49 ■ 

(2) In the second case the resistance of each lamp is R,^ 
ohms. The total rasistanoe of such lamps in parallel is 

R 

^ ohms, which must also be equal to 49 ohms, the additional 
resistance required, 


••• «2 ==* 49 - 49 • 

Since and n .2 must be whole numbers, the necessary con¬ 
ditions are very approximately fulfilled by 

Hj = 20 and Ha « 6. 

In the first case the current isi 

220 

" 22 -i 


and in the second case 


'2 *" 22 + 


^('6 


amps. 


Faraday’s Laws—Example 

Froblsu 231.—A current passed for t « 6 minutes 
through a voltameter oontaining dilute HaS04 liberated 
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40 C.C. of electrolytic gas, measured at 16“ C. and 748 mm. 
What was the average value of the current? 

Solution 231.—If C is the average value of the current in 
amperes, then during the time t minutes — 60 ^ seconds 
W = 60 Ci = GO X 6 X C coulombs pass through the solu¬ 
tion. At 0“ C. and 760 mm. the volume occupied by 40 o,o. 
at IS” C. and 748 mm. is 


V 


748 X 40 273 


=» 37’33 o.c. 


288 760 

But 96540 coulombs liberate 1 gram-equivalent of hydrogen 
and 1 gram-equivalent of oxygen. At O' 0 and 760 mm. 
1 gram-equivalent of hydrogen (1 gram) occupies « 

11200 O.C., and 1 gram-equivalent of oxygen (8 grams) occu¬ 
pies 2 2*00 5(300 c.c. The total volume at 0“ 0. and 760 
mm. occupied by the electrolytic gas liberated by 96540 
coulombs, is, therefore, 16800 c.c. 

Since the amount of electrolyte decomposed is propoitional 
to the quantity of electricity 

60 X 6 X C 37-33 
96540 " 1680(j’ 

^ 37-33 X 96540 

^ IG800 X 60 X 6 “ amp. 


Specitio and Equivalent Conduotivity—Degree of Dis¬ 
sociation 

The specific resistance of a conductor is the resistance in 
ohms of a regular cube of the substance of side 1 cm. long. 
‘The reciprocal of this quantity is the specific conductivity k. 
The unit of specific conductivity is, therefore, that of a substance 
of which the specific resistaijce is 1 olira; this unit is called 
the reciprocal ohm or mho, for which, in future, we shall 
use the contraction r.o. According to Ohm’s law, the specific 
conductivity gives the cui-rent in amperes produced in a 
regular cube of 1 cm. side when a potential difference of 1 
volt is applied between^wo opposite faces of the cube. 

If V is the volume litres containing 1 gi-am-equivalent 
of an electrolyte, the concentration of which is, therefore, 

c *■ -gram-equivalents per litre, and of which the sp^ifio 

oonduoti-vity is k, the equivalent conductivity of the solu- 

i4on 
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lOi 

( 4 ) A •> K X 1000 V * reoip; ohms. If is the 

equivalent oonduotivity at infinite dilution, that is, when the 
dissociation of the electrolyte is complete, the degree of dis¬ 
sociation in the solution of equivalent oonduoti\dty A is, 
according to Arrhenius, 



• Yelooity of Migration—Ionic Gondnotivity 

If and yic are the velocities of migration of anion and 
cation respectively in cms. per second und(u a potential 
gradient of 1 volt per cm., then the equivalent conductivity 

(6) A ■■ a X 96540 (/u,^ + 

(7) - a + ^c). 

where — 96540 and =» 96540 fic are the equivalent 
ionic conductivities at infinite dilution of anion and cation 
respectively (Kohlrausch) When a — 1, that is, when the 
dissociation is complete, equation (7) becomes 

(®) ■‘^00 “ ^.1 + 

or, in words, the equivalent conductivity at infinite dilution is 
equal to the sum of the equivalent ionic conductivities. 

Moleodiar Conductivity 

The molecular conductivity fi oi tk solution of an electro¬ 
lyte is 

/ \ nnrvrt 1000 K , 

( 9 ) fi — 1000 kv =» — - — recip. ohms, 

where 11 is the volume in litres containing 1 gram-molecule 
and c the concentration in gram-molecules per litre. The 
rebtion between A and fx is 

- aA and /a^ A aA^, 

where a is the number of gram-^uivalents contained in 
1 gram-molecule. \ 

Dilation Law—Dissociation-oonstant 

If a is the degree of dissociation of a binary electrolyte, and 
0 Hi oosne^tramon in gram^equiyalents (or grarntwle^leii^ 
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per litre, the ooncentretion of each of the ions is ac and that 
of the undissooiated electrolyte (1 - a)c. For the dissocia¬ 
tion of a binary electrolyte the law of mass-action, therefore, 
assumes the form 


''“^(l-o)c (1 - a) 


(1 - a)v 


K, 


V is the dilution in litres per gram-equivalent (or gram- 
molecule) and K the dissociation-constant This is Ostwald’s 
dilution law. ^t holds only foi weak electrolytes, that is, 
only with such electrolytes does K remain constant with 
varying concentration. 


Since a 



, equation (lo) may be wiitten in the form 


(i«) 



K. 


From these equations it is evident that the numerical value 
of K depends on the unit of concentration br dilution chosen. 
Here we shall work throughout with the units given above. 

In the case of very weak electrolytes, where a and K are 
very small, (1 - a) m equation (lo) may, without sensible 
error, be put equal to 1, since a m such oases is very small, 
compared with 1. We thua^obtain hbm (lo)and (ii) the 
simplified formulae 


(«») 





and 


A^o #A* 

('3) - A».t) " 

In a great many oases these simplified formulas can be used 
wi||ti sufficient approximatioi^ 

Electrolytic Dhsociation—Examples 

Pboblum 232,—The specific conductivity of a c, «■ 0*1 N- 
acetio acid solution at 18° is -• 0‘000471 r.o., and that of a 
Oq ^ O'OOl N-sodium acetate solution is >- 0 00007S1 r.o. 
Whet is Uie dissooialion constant ^ of acetic acid at 18*, if 
th^ ^daotitfty of the P'-ion is «• 818, and tlut 
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of the Na‘-ion is l*c » if tlie sodium acetate 

solution is regarded as completely dissociated? 

Solution 232.—From (4) we obtain A, the equivalent 
conductivity of N-acetic acid, 

1000 K. iOOO X 0 000471 , 

A---=4-7lro. 

According to (8), A^, the equivalent conductivity of acetic 
acid at infinite ailution, is equal to + lo, where is the 
ionic conductivity of the anion of acetic aci^, O^H^O g, and 
Ic that of the H*-ion. 1^. is given, and may be calculated 
from the equivalent conductivity of the N-sodium acetate 
solution, which is equal to A'^, the equivalent conductivity 
of sodium acetate at infinite dilution, as the salt is regarded 
as completely dissociated. 

For sodium acetate, therefore, 


• « 




1000 

^ 00 ” + t e = 


Co 


IOOO kj _ ^ 1000 X 0 0000781 

“c^^ O'oor 


44.4 

» 78-1 - 44*4 == 33‘7 r.o. 


For acetic acid, therefore, 


A 


uC 


and, from (5), 


4-/, = 33-7+ 318 = 351-7, 

* I 



4-71 

3’51-7 


00134. 


Since a is known the dissociation-constant of acetic a6id 
may now be calculated ; according to Ostwald’a dilution law 
(lO) « 


„ a% (0*0134)2 X 0*1 
“ 1 - a " 0*987 


r8 X io~®. 


Problem 233.—The velocityA^onstant for the inversiOEr of 
cane sugar by c = 0*25 N-acetic ^id at 26® is ^ = 0*75 x 10“* 
If the velocity-constant is assum^l to be proportional to the 
H‘-ion concentration, find the vaiae of the constant when 
the acid solution is also 0*026 N with respect to sodium 
lcetate» being given that the dissociation-oonstant of acetio 
add is X = 0*000018, and that the sodium acetate ie die- 
sobiated to the extent of ai « 86 per cent 
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Solution 233.—Let a be the degree of dissociation of the 
pure acetic acid solution, then, according to (lo) 

or = O'OOOOIS 

(1 - a) (1 - a) 

a ™ 0'00845. 

The concentration of hydrogen ions in the solution is, therefore, 
[H-J = ac « 0-00845 X 0-25 - 2-11 x 10 ^ N. 

Let be the degree of dissociation of the acetic acid in 
the solution containing sodium acetate. The degree of dis¬ 
sociation of the latter is uj. The concentration of H--ions 
derived from the dissociation of the acetic acid is, therefore, 
ujC, of the CjjIl30'2-ion8 a^c, and of the undissocialed acetic 
acid (1 - <13)0, whilst the concentration of the ('.^H^O^-ions 
derived from the sodium acetate is The total concen¬ 

tration of the C^HjO'j-ions is, therefore, a^c + «|C|. Hence, 
if we use square brackets to denote the concentrations of the 
enclosed substances, 

[CjIIgOj] ^ _ V 

and, substituting the numerical values, 

+ 0-86 ^. 025 ) ^ ^ 

(1 - ojj) X ^’25 " 

aa - 8-32 X 10-* 

and [H-]^ =- ujC = 8-32 x 10"* x 0-25 = 2-08 x 10“^ 

If IB the velocity-constant for the mixed solution, then 
since the velocity-constant is proportional to the H*-ion con¬ 
centration, we obtain 

[H*], , 0-75 X 10-« X 2-08 x 10** 

t - fff] - TIT] ” -211 X 10-- 

/= 7 39 X 

To illnstrato the degree- of approximation attained by the 
use of formida(i2) instead of (10), we shall work the problem 
on the assumption that a may ^ neglected in oomparison- 
with 1. 

For the decree of dissociation of aoetio acid in the puro 
aqueous solutlou we obtain from (i 2 ) 
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a ■ 


if, 



0-600018 
0-26 ' 


and, therefore, 


8-48 X lO-*, 


[H-] - ac - 8-48 X 10’» X 0-26 - 212 x 10-». 


In the mixed solution we may assume that the aoetic acid* 
in presence of the excess of the dissociation 

of the sodium acetate, is practically undissociated, that is, 
c, and that the CjHjO'n-ions are furnished only 
by the sodium acetate. Therefore fC2HgO'j,] «• and 


[H-] 


1 


[H i [C^H Q'2] 


Zc 

ajCi 


0*000018 X 0-25 
0*86 X 0*025 


2 09 X 10-4 


Since, 


*1 [H-]i 

k “ [H*] ' 

, jk[H*]i a75 X 10'« X 2*09 x 10"* 
[H*] " 2*12x10-8" 


Pbobleu 234.—The angle of rotation of an a » 5 per cent, 
cane sugar solution in a tube 20 cms. long is ^4. *> + 66*7'’. 
After complete invers’on the apgle of rotation is =» -19*7“. 
If the solution contains in addition « Q OI N-HCl, the 
angle of rotation diminishes by 69*2'* in 2 =» 20 minutes. By 
how much does the angle of rotation diminish in the same 
time, when, instead of HGl, the solution contains »: 0*1 ^N- 
lactic acid, if the dissociation-constant of lactic acid is 
jY » 1*4 x 10-4 ? Assume^the HCl to be completely dis¬ 
sociated. 

SOLTJTiON 234.—If A, denotes the initial angle of rotation, 
before the inversion begins, and the final angle of rota¬ 
tion after complete inversion, t|ie total change in the acgle 
of rotation, is proporti«ijpal to.the initial amount of 

cane sugar, a per cent. Similarl]^, if at the time t, when the 
Bolulaon contains x per cent, of oa£>e sugar, the angle of rota¬ 
tion is A„ the change in the angle of rotation, Ag - is 
proportional to x. Therefore, 

A^ - A^ a 



ELECTROLYTIC DISSOCIATION—EXAMPLES 109 


Since in tho presence of a large excess of water the inver¬ 
sion proceeds as a monomoleoular reaction, the velocity of 
inversion is given by the equation 



where k is the velocity-constant of the reaction, and x the 
concentration of the cane sugar at the time t. On integrating 
we obtain 


(2) log.ic = - kt + constant. 
When i = 0, iu = a, 

(3) log, a constant 
Subtracting (2) from (3) we obtain 



and, therefore, from (1) 

kt 



or, changing from natural to common logarithms, 


• • 



• The inversion is catalytioally accelerated by the H‘-ions, 
and the vejpcity-constant k is proportional to the H‘-ion 
concentration. If we assume the HCl to be completely dis¬ 
sociated, the concentration of^the H'-ions is [H-]i « c^. The 
velocity-constant for this particular case may 1^ calculated 
from the data given in the problem by means of equation (4) 
which in this case becomes 


( 6 ) h ■;-flog 

In the N-lactic acid let the H -ion concentration be 
for brevity, we represent lactic acid by the formUa 
LH, where L is the anipn, we obtain for the dissociation of 
laoUo acid the equilibrium-equation 
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M fH-], ^ 

■[LHi 

or, sinoe [L'] = [H ],, 

(c, - [H-]J “ 

[H-y = - 1H;U 

Hnil [H-], = _ ?+ j + Ks^. 

If fc, is the velocity-constant for the inversion of cane sugar 
by Cj jiN-lactic acid, we obtain, since the velocity-constant is 
proportional to the H*-ion concentration, 


(61 I' 

i, - tS-1, 


Ik^ 

V 4 ~ 2 


In this equation only is unknown, and can, therefore, be 
calculated. 

The angle of rotation in the lactic acid solution after 

t minutes is obtained from the equation (cf. (4)) 

/ n \ I -^00 ^ 2 ^ 

- A. “ 2-3- 

Substituting the numerical values in the various equations 
we obtain and and, thforefore, the diminution of the 
angle of rotation required, A„ - A Thus in the case of the 
inversion by HCl, since the diminution of the angle of rotation 
after 20 minutes is 09 2". we obtain A, »= t)6‘7" - 69 2° « 
- 2-6°, and from equation (5) 

^1 == T log is I 

2-3 66-7 +"l9-7 fi6'4 

" 20 - 2-6 4- 19-7 ~ ^®®i7-2 

» 0-116 X 0-703 = 0 0808. V 

From (6) 

k, f T" K\ 


k,( IK^ ^ K\ 
Cj W 4 ifCj - 2) 


0-0808 

0-01 


fl-41» X 10-« 


+ 1-4 X 10~ * X 0-1 


1*4 X 10-^ 
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- 808(7o-49 X 10-» + 1-4 x 10-* - 0*7 x 10-<) 
= 8 08 (3*74 X 10-3 - 0-7 X 10-^) 

= 0-0297. 

From (7) 

log(^^ - = log(A„ ~ AJ - 

• =■- log 86-4 --2-3- - - 


A^ - A. 


1-937 

47-8; 


0-258 * 1-679, 


and A, 


47-8 + = 47-8 - 19-7 


The diminution of the angle of rotation after 20 minutes in 
the lactic acid solution is, therefore, 

A, - d, - 66-7" -- 28-r == 38 - 6 '. 

ProbjjKm 235 (of. preceding problem).—What is the dis¬ 
sociation-constant of acetic acid if a mixture of = 0’05 N- 
lactic acid, and = 0 38 N-aoetic acid has the same inverting 
action as the o.j, — 0-1 N-laotic acid alone ? 

Solution 235.—If a solution containing c., N-lactic acid 
and N-acetic acid has the same inverting action as a N- 
laotic acid solution alone, the H--ion concentrations of these 
two solutions must be the saifie, since the inverting action is 
proportional to the H*-ion concentration. 

If, for brevity, we represent lactic and acetic acids by the 
formulae LH and AH, where L and A are the respective 
anions, we obtain for the electrolytic dissociation of lactic 
acid • 


and of acetic acid 


a) CL'Ll*-] _ 

lAHr 


where K and K' are the dissociation-constants of lactic acid 
and acetic acid respectively. As in Solution 234 we havQ 
also * 

rrr-. ^ 

(3) [H*] « .y ^ + JYcj — 2» 
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and in the mixed solution 

(4) [L'] + [LH] - c„ 

(5) [A ] + [AH] - d«, 
and 

(6) [L'] + [A ] - [H’l. 

From these six equations the six unknown quantities 
[L'j, [A'], [LH], [AH], [H ] and K may calculated. 
IVom (3) 

- /(r4)2 >ri^" , 7 ~,7 1 4 X 10-* 

4 +14 X 10 5-2- 

- 3 67 X 10-», 

and from (4) 

[L'J = Cj - [LH] - 0 05 - [LH] 

Substituting these values of [H ] and [L ] and the numeii- 
oal value of K m (1) we obtain 

(0-05 - [LHl) X 3 67 X 10 » » I 4 x 10“^ [LH], 

1835 xlO--^ 

. [LH] - ^ - 0 04818, 


and, therefore, fiom (4) 

[L] - 0-05 - 0-0^818 = 0 00182 

From (6) 

[A'] = [H 1 - [Lj = 0 00367 - 0 00182 - 0 00185 

Fiom (5) 

[AH] = - [A'] = 0 38 - 0 00185 = 0 378, 

and, finally, from (2) 

' |AH] 

0 00186 X 0-00367 
“ 0-378 

= 1-8 X lo"* 

f 

PAOBLBM 236.—In a mineral water with an acid reaction 
t^a total concentration of carbonic acid, free and combined, 
is a «i 0‘620 gram GO, per litre, the total ooncentr^tbn of 
sulj^nretted %drogen, free and combined, is 5 0*018 gram 

pet litre* end the ooncentietion of 9 odlmn oxide ii c 
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0*279 gram NagO per litre. What is the concentration of free 
carbonic acid [H^COg] and of free sulphuretted hydrogen 
[HnS], if the first dissociation-constant of H^COg is = 
3*04 X 10 “ and that of HgS is 0*91 x 10 " ? 

Solution 236.—In the acid mineral water the carbon 
dioxide is present as undissooiated molecules of carbonic 
acid H.jCOg and as the anion HCO'g, and the hydrogen sul¬ 
phide is present as undissociated JIjS and as the anion IIS'. 

If Mj is thegnoleoular weight of COo and 31.^ that of H.2S 
then 

(1) (H,oo,i + (nco’,,1 

(2) [H,8] + [HS'J = 

where the square brackets denote, as usual, the concentra¬ 
tions of the enclosed substances. 

From the law of electro-neutrality, according to which the 
total number of equivalents of (‘abioin must be equal to the 
total number of equivalents of anions Ia the solution, it 
follows that 

(3) [nco,'i + [ns'] = [Na •] = I®, 

whore Ifg denotes the molecular weight of Na^O. For the 
solution of these three equations with the four unknowns 
[HoCOgl, [H.^Sj, [HCOg'] and jHR'], a fourth equation is 
required. This is obtained by an application of the law of 
mass-actiou. 

For the ioiyo dissociation of the two weak acids the fol¬ 
lowing equations hold, 

[HCO,1 [H-J = K, [H,CO,,l 
and [HS’] [H-] - K, [fI,S], 

or,•dividing the latter by the former, 

[HS'] _ K. [H^S] 

[Boq,'] “ if, lUjGOj- 

The problem is, therefore, capable of solution. 

From a consideration of the numerical values given in thi 
problem, it follows that [HB') is small compared with pOOg^, 
especially as hydrogen sulphide is the weaker acid. Kegleot- 
8 
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mg [HS'] in oompariion with [HCO^'], we therefore obtain 
from (3) 

r-TT/^y^ n 2c 2 X 0*279 - • Vi. 

[HCO, ] ^ * —52-“ gm.-ion per htre, 

and from ( 1 ) 

[HjCO,] “ ^ - 0*009 -= 0*0141 - 0*009 = 0*0051 

per litre. * 

From (4) we thus obtain 

[HS'] _ 0*91 X 10-7 0*009 

[HjS] 3*04 x'10-7 ^ 0*0051 " , 

and [HS'j = 0 53 [H^S]. Substituting this value of [HS'] in 
equation ( 2 ) we have 

[H,H] (1 + 0-S3) “ ^ “ 0'00053. 

[tIjS] =* 0*000346 gram-molecule per litre, 

and 

[HS'] = 0*000184 gram-ion per litre. 

Pboblem 237.—When picric acid distributes itself between 
water and benzene, only the undissociated molecules of the 
acid dissolve in the l^enzene, and the partition-coefficient of 
the undissooiated molecules for iJeiizene/water is Ki = 1/0*0281. 
The dissociation-constant of picric acid in water is 0*164. 
What is the concentration of an aqueous solution of picric 
acid which is in equilibrium with a c = 0*07 N-solution^of 
picric acid in benzene? 

Solution 237.- Picno acid is soluble both nl water and in 
benzene; if an aqueous solutfjn of picric acid is shaken with 
benzene, the picric acid distributes itself between the two 
solvents and the ratio of the .concentrations of the undis¬ 
sooiated picric acid molecules in the two solvents has a cpn- 
Btant value which is independent of the concentration. 
The aqueous solution conducts the electric current, and, 
therefore, contains the ions of piorip acid besides undissooiated 
molecules; the benzene solution, on the other hand,contains 
no ions since it is a non-conductor. 

Let the total concentration of an aqueous solution, which 
is in equilibrium with a c N-benzene solution, be C| c|, 
where is the oonoentra^ou of the undissooiated molect^ 
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and Cg that of the ions. At equilibrium the following 
equations must hold:— 

c 

(1) from the partition law, ~ ATp 

c 2 

(2) from Ostwald’s dilution law -f — 


From these two equations and the further equation 
Cfl » c, + Cj, ftie three unknowns Cq, Cj and c.j ma} be cal- 
oulatea. 

By dividing (1) by (2) we obtain 

c = c “ and c - a 
c - c., ana c,~ 

from (1) 


therefore 





^0 + c,^ 

c joK., 

y 

- 0-07 X 0-0281 + yoWxl-OMrx 0T64 

=S 0*0200 N. 


Problem 238.—A metliyl acetate solution is saponified by 
a « O'l N'Solution of KON a = 3 3 times as fast as by a 
0*01 N-solution. What is the dissociation-constant K 
of hydrocyanic acid, if the ionic product of water is =- 

0*8 X 10-^0 

Solution 238.—The solution of KON is alkaline on ac¬ 
count of hydrolysis, and in alkaline solution the saponification 
of the ester takes place according to the equation 

• CHsOOOOHa + Oir - OH3OH + CH3COO', 

The velocity of saponification is, therefore, proportional to 
the product of the conoenkations of the ester and of the free 
hydroxyl ions. In two solutions, in which the concentrations 
ox the ester are equal, the velocities of saponification are, 
therefore, proportional to the concentrations of the hydroxyl 
ions [OH^j and [OE'Jg* In the present case we Imve, 
therefore. 
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[QH1 , 


a. 


From the law of mass-action we obtain for the dissociation 
of hydrocyanic acid 

LCN'] [H-] 

IHCN]- “ 


and, since [H-] [OH'] - K„ 


( 2 ) 


[ON'] __ K 
[HCN] “ ir„ 


[OH'J. 


The concentration of the undissociated KCN may be neglected, 
since the salt may be regarded as completely dissociated. 
The concentration of the K’-ions is, therefoie, practically 
equal to the total concentration c of the KCN. The principle 
of eleotro-neuti ality requires 

c » 1K‘] = [ON'] + [OH'l, 


as the hydrolysis of KC5N takes place according to the equation 

KCN + H^O = HCN + KOH, 

and the KOH like the KCN may be regaided as completely 
dissociated. 

We obtain, therefore, 

(3) c, = [CN'], + [OH-],. 

ami (4) <J, - LCN'], + 1.0H'], = [CN'J^ + (from (1)). 

I 

For the solution of the tluee equations (2), (3) and (4), in 
which the five quantities K, [HCNJ, [CN'jj, [CNJj and [OH']j 
are unknown, we require twJ' further equations These we 
obtain as follows. The concentration of the OH'-ions pro¬ 
duced by the hydrolysis is equal to the concentration of the 
undissociated HCN produced at the same time accordingr to 
the equation 

ON' + HoO = OH' + HCN. 

Therefore, from (2), 

[HCN] - [OH'] - X ■J'. 
and 
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», i™,, - 


and 


( 6 ) [CN^ 


iqOHI.s K ^ [OH'1,« 
> “ AT, “ A'. a> 


By dividing (5) by (6) we obtain 


[CN'], 




[ON'], 

and, from (4), 

( 7 ) , [oq'l.. 

From (3)*aud (7) we obtain 

'[GN], _[CN'l,_^Ci ^ 

a 

~ ' y'') 

" a 1 

and 


a 

••• [CN'l, 


3 ' 


[on'i, - c, - [CNi - 

Finally, from (5), 

K [ON I 

a(Ci - c.^a)(a-- 1) 

0-8 X 3-^ X 2-3 

” {(3"3)2'x O'Ol - 0-lp 

=* 5 X io~" 


Transport Numbers 


If fijt and /ip are the velocitiea of migration of the anion 


and cation respectively, the fraction-;-- » is called 

the transport number (migration number) of the anion, and the 


fraction —* 1 -- n the transport number 6 f the cation 
M-a + f^o ^ 

(Hittorf). Of the total quantity of electricity which passes 
any oross*seotion of an dectrolyte, the fraction n is carried 
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by the anions or negative ions and the fraction 1 - n by the 
cations or positive ions. From equations ( 6 ), ( 7 ) and ( 8 ) it 
is evident that 


n 


1. 

"i* 



1 


Ir 

” " L + ■“ 


Ic 



so that from a knowledge of n and we can obtain and 

n is determined experimentally by electrolysing a solution 
of the electrolyte in question, measuring the total quantity of 
electricity which has passed through tlie solution (e.g. by a 
silver voltameter in series with the electrolyte) and the 
changes of concentration at the electrodes. If ^ho quantity 
of electricity F is passed through the solution, 1 gram-equiva¬ 
lent of anion is deposited at the anode, n gram-equivalent of 
anion migrates to the anode, and 1 - n gram-equivalent of 
cation migrates from the anode, that is, at the anode 1 - w 
gram-equivalent of both anion and cation disappears, or 1 - n 
gram-equivalent is the fall in concentration of the electrolyte 
round the anode. Gimilarly at the cathode, J gram-equivalent 
of cation is deposited, 1 - m gram-equivalent of cation migrates 
to the electrode, and n gram-equivalent of anion migrates 
from the electrode, that is, at the cathode n gram-equivalent 
of both cation and anion disapi)ear 8 from the solution round 
the electrode, or the*fall in concentration of the solution 
round the cathode is n gram-oquivalent. If then we assume 
that the changes in concentration round the electrodes are 
due only to discharge and migration of the ions, that no 
secondary changes, such as solution of the electrodes, etc*, 
take place, and that no diffusion occurs, we have^ the relation 


fall of cone, of electrolyte Ground cathode n 
of cone, of electrolyte round anode ~ jT- n 


Since the quantities on the left-hand side of the equatiqn 
are known, n may be calculated. 

It is not, however, necessary to determine the change in 
concentration at both electrodes. If the theoretical change 
(fall) in concentration in gram-equivalents at one electron, 
sarjT the cathode, and the total quantity of electricity in 
ooulombs passed through the solution (e.g. by the sUvet 
voltameter) are determined, all the necessary data are obtained. 
Tbeu 
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fall (in gram-eqtiiva.) round cathode x 96540 
to^l quantity of electricity passed "" 
or 

fall (in gram-equivs.) round anode x 96540 ^ 

total quantity of electricity passed ' ~ 

Since, however, the experimental arrangements for the deter- 
ruination of transport numbers vary with the nature of the 
ions under investigation, and secondary reactions at the elec*- 
trodes, which var^ from case to case, have to be taken into 
account, the calculation for each particular case has to be 
thought out independently. 

Transport Numbers—Example 

Pboblem 239 —A solution containing 0*1605 per cent. 
NaOH was electrolysed between platinum electrodes. After 
electrolysis 55-25 grams of the cathode solution contained 
0'09473 grams NaOH, whilst the concentration of the middle 
portion of the electrolyte was unchanged. In a silver volta¬ 
meter in series the equivalent of 0 0290 gram NaOH was 
deposited during electrolysis. Calculate the transport num¬ 
bers of the Na- and OH' ions. 

Solution 239. — After electrolysis 65-26 grams of the 
cathode solution contained 0 09473 gram NaOH or (55*25 -• 
0*09473 =) 66*165 grams of water cohtained 0*09473 gram 
NaOH. 

Before electrolysis 100 grams of the cathode solution con¬ 
tained 0*1605 gram NaOH, therefore, 55’165 grams water 

contained = 0-08867 gram NaOH. 

The increase m the amount <)f NaOH round the cathode is 
therefore, 0*09473 - 0 08867 = 0*00606 gram. 

At the cathode, however, the secondary reaction 

Na + HaO « NaOH + H 

takes place, the discharged Na'-ions reacting with the water 
to re-form their equivalent of NaOH. Had no secondary 
reaction taken place, therefore, the cathode solution would 
have contained 0*0290 gram NaOH less than it did, sinm 
0*0290 gram NaOH is the equivalent of the Na'-ions dis¬ 
charged, as measured by the silver voltameter. The amount 
of NaOH in the cathode solution wouldi therefore, have been 
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0‘09473 - 0 0290 « 0 06573 gram in 55'165 grama water, 
computed with 0-08867 gram before electrolysis. The theo> 
retical fall in ooncentratiou round the cathode, that is, on the 
assumption that no secondary reaction had taken place, is, 
therefore, 0 08867 - 0 06573 = 0 02294 gram NaOH. If M 
is the equivalent weight of NaOH we obtain 

fall in gram-eqnivy. round cathode x 96540 
total quantity of electricity passed 
0-02294 

- 96540 

M 0-02294 

0*791 


n 


0-0290 

III' 


X 96510 


0-0290 


and I - n I - 0 791 -= 0 * 309 . 

0‘0290 

Alternative Method -Por the deposition of gram- 

M 

equivalent of siher in the voltameter, the increase in the 
amount of NaOH round the cathode is ^ gram - equiv. 


Therefore, for the passage of 1 faraday (96540 coulombs), 
corresponding to the deposition of 1 gram-equivalent of silver 
in the voltameter, the increase in the amount of NaOH round 
the cathode would have been 


0-00606 1 0-0060& ^ M _ 0-00606 gram- 

M ' ^ O-Om/M M ■ ^ 0-0290 0 0290 equiv. 

But for the j)absage of 1 faraday n gram-oquivalent of OH' 
migrates from the cathode, 1 - w gram-equivalent of Na* 
migrates to the cathode and 1 gram-equivalent of Na- is dis¬ 
charged at the cathode. The theoretical fall id the amount 
of electrolyte round the cathode for the passage of 1 faraday 
is, therefore, m gram-equivalent of OH' and 1 - (1 - n) «= » 
gram equivalent of Na*, or n gram-equivalent of NaOH. But 
owing to the secondary reaction of the discharged grain- 
equivalent of Na- with the water, 1 gram-equivalent of NaOH 
is re-formed. Instead of a fall of n gram-equivalent there is, 
therefore, an increase round the pathode of 1 - w gram- 
equivalent of NaOH. Therefore 


I 


000606 

0-0290 


0*309, 


and n » 1 - 0-209 * 0*791. 
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ySolubility and Solubility-product 

From the law of mass-aotion it follows that for a saturated 
solution of a difficultly soluble electrolyte A,„ B„ in contact 
with the solid phase 

( 14 ) [A-]- [B'Y = k 1A„. B„] « L, 

where the square brackets denote the concentration of the 
enclosed ions ^r molecules, the former in gram-ions per litre, 
and the latter m gram-molecules per litre. Since the solution 
is in equilibrium with solid phase the concentration of the 
undissooiated part fA„J3„]for a given temperature is constant 
and independent of any excess of either of the ions A- or IV 
in the form of another electrolyte with a common ion. The 
product 

[A-f [B']" = L 

is called the soliihility-product (or ionic-produot) of the elec¬ 
trolyte. For binary electrolytes (14) takes the form 

(15) [A-] [B'] = L, 

and since in pure aqueous solution [A-J = [B'] we obtain for 
that case 


[A'] = [B] = Jp. 

Further, if the binary electrolyte is very insoluble, and be¬ 
longs to tho class of strong electrolytes, like AgCl, for 
example, we may regard it as practically completely dissoci¬ 
ated in solution, and the concentration of tho undissociated 
part as negli^jible compared with that of the ions. In such a 
case 

(16) s / L ^ S , 

where S is the solubility of the electrolyte in gram-moleoules 
pftr litre. 

For a ternary electrolyte, e.g. A^B, we obtain similarly 

(17) [A-]*-^ [B"] = L, 

and since in pure aqueous solution two ions of A are formed 
for one of B, the concentration of B" in gram-ions per litre is 
half that of A*, i.e. [B"} [A‘]/2 or [Aq 2 There¬ 

fore, from (17), 
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(i8) 


[Af [A-] 
2 



L 


or 

(19) i[B’J [B'T =. 4 [B"]* » L. 

Finally, if the ternary electrolyte is a very insoluble, strong 
electrolyte, so that practically complete dissociation may be 
assumed, from (18) or (19) the solubility S of the electrolyte 
in gram-molecules per litre is 

( 20 ) s = [S'] = 


since one molecule of the undissooiated electrolyte contains 
one atom of B and 2 atoms of A. 


Solnbility-produot—Examples 

Pkoblem 240.'—At 20° the specific conductivity of a satu¬ 
rated solution of silver bromide was 1'576 x 10 r.o. 
and that of the water used was 1*519 x 10 r.o. On the 
assumption that the AgBr is completely dissociated, calculate 
tlie solubility and solubility-product of AgBr, given that the 
equivalent conductivities of KBr, KNO 3 and AgNOjat infinite 
dilution are 137*4, 131*3 and 121*0 r.o. respectively. 

Solution 240. — The specific conductivity k due to the 
AgBr alone is (total specific conductivity - specific conduc¬ 
tivity of the water used), 

K = 1*676 X 10-« ~ 1*619 X 10-e = 0*057 x 10-«r.o. 

Since the AgBr is assumed to be completely dissociated the 
equivalent conductivity calculated from the specific conduc¬ 
tivity accoi’ding to (4) is equal to the equivalent ‘conductivity 
at Infinite dilution A» . A« forb AgBr may be obtained from 
(8) as follows :— 

A«* ■* • + ^Bt' *“ • + ^NOsO + (^K • + “ (^K • 

= 121*0 + 137-4 - 131*3 
=* 127*1 r.o, 

Therefore, from ( 4 ), 

* 1000k 

0 

1000 X 0-067 X 10-« 


127*1 


C 


I 
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1000 X 0 067 X 10 -» 
127-1 


4'49 X 10”^ 


where c is the oonoentration of the saturated solution^ or 
solubility, in gram-equivalents per litre. 

Since the AgBr is completely dissociated, the concentration 
of both the Ag •- and Br'-ions is 4*49 x 10 “ ^ gram-ion per 
litre and the solubility-product is 

L = [Ag-][Br'] = (4*49 x 10“^)® « 2-03 x 10 

Problem 241.—At a given temperature a litre of a saturated 
solution of silver bromate contains S = 0-0081 giam-molecule 
of salt; c « 0-0086 gram-molecule of silver nitrate is then 
added. Calculate the new solubility 6 ’' of silver bromate, 
assuming that both salts are practically completely dissociated 
in the solution. 

Solution 241. —In the saturated pu?-e aqueous solution the 
concentration of both the Ag *- and Bi Og'-ions is S gram-ion 
por litre, since the salt is completely dissociated. The 
solubility-product of AgBrOj is, therefore, 

L - [Ag -][Br03'] = (S)2 - (0-00Hl)-‘. 

In any solution saturated with AgBrO^ the product of the 
concentrations of the Ag ■- and BrO^-ions must be L. Let 
S' be the solubility, in gram-rnolecuies per litre, of AgBrOj 
in the solution containing c N-AgNOg. Since both salts 
are assumed to be completely dissocialied, the concentration 
of the BrOg'-ions, derived from the dissociation of the AgBrOg, 
is S', the concentration of the Ag --ions from the AgBrOg is also 
S', and the concentration of the Ag - -ions from the AgNOg is 
c gram-ions per litre. The total concentration of the Ag --ions 
is, therefore, (c S') gram-ions per litre. Therefore 

L = [Ag •][BrO/] - (c -H S')(S'), 
or, putting in the numerical values, 

<0-0085 -h S')(S') =» (0-0081)2 
S' «« 0*0049 gram-molecule per litre. 

Problem 242.—^The solubility of AggCgO^ at 25* is S • 
1-48 X 10 “ * gram-molecule per litre. A solution of potas¬ 
sium oxalate, containing i « 0-2942 gram-molecule per litre, 
was shaken at 26* with excess of Ag20r04 till equilibriuin 
was established according to the equation 

Ag|OrO^ t + K,CrO^* 
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The solution then contained » 0*0602 gram - molecule 
KgCr 04 per litre. Assuming that the degrees of dissociation 
of the oxalate and chromate in the solution are equal and 
that the dissociation of the silver salts is practically complete, 
calculate the solubility-product and the solubility S' of 
AgoCrOv 

Solution 242.—The solubility-product of Ag 2 Cj 204 is 
L,. =» [Ag •]2[C,0;'] = (2&r0S) = 4Sa 

f 

since, on complete dissociation, S gratn-inoleculo of AggCgO^ 
gives 2S gram-ion of Ag • and S gram-ion of OgO*”! 

* 4(1*48 X 10 - 1*3 X 10-11. 


In the mixed solution at equilibrium both AgjCgO^ and 
AgjGrO^ are present as solid phases, therefore the equations 

(1) = [Ag •j‘^LGr04"] 

and 

(2) L„ = [Ar- nCA"] 

must be simultaneously satisfied. Since the Ag'-ion con¬ 
centration is the same in both, namely that in the solution in 
equilibrium with the solid phases, we obtain, by dividing ( 1 ) 

by (2), 

( 3 ) = hr 

^ > ic;o/J 

The concentration of the K 2 Cr 04 at equilibrium is Cj and 
of the " ^i) gram-molecules per litre. If a is the 

degree of dissociation of both these salts, the concentrations 
of the Gr 04 "- and CjO^'-ions are aCj and a{c - cj gram-ions 
per litre respectively. t 

From (3), therefore. 


[OrO/'j _ aCi 

[C, 07 i “ a(c - C,) 

and 


^1 j_ Lg,. 

(c - Cl) 



Cl X L, 


C — Cj 

0*0602 X 1*3 X 10-1' 
0*2942 - 0*0602 


3*34 X io"“. 


If S' gram-molecule per litre is the solubility of Ag2Cr04 in 
pure aqueous solution, and if the salt is complete]^ dis^i- 
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ated, the oonoentration of the Ag’-ions is 2S' and of the 
Cr 04 "-ions S' gram-ions per litre. Therefore 

[Ag ‘f [CrO;'] - (25? (S') = 4(5? =. Lor 
and 


S' 



.^3;34j<JL^ 


0*94 X 10 "^ gram- 


molecule per litre. 

PiiOBiiBM 243.—The dissociation-constant of ammonium 
hydroxide is K = l‘S x 10“’, and the solubility-product of 
magnesium hydroxide is L = 1*22 x 10 ' How many 
grams of solj,d ammonium chloride must be added to a mixture 
of 50 c.c. of N-NH^OH solution and 50 o.c. of N-MgCl .2 
.solution, so that the precipitate of magnesium hydroxide 
may just disappear? Assume that the volume of the solution 
is not changed by dissolving the solid NII^Cl, and that the 
dissociation of the neutral salts is complete. 

Solution 243.—In any solution saturated with Mg(OH )2 
the equation 

[Mg • *1 [OH'P == L 

must be satisfied. The precipitate of Mg(OH ).2 disappears, 
therefore, in a solution in which the concentration of the OH'- 
ions is given by the equatioi; 

Where [Mg**] is equal to the total amount of magnesium 
present. The equilibrium equation for the electrolytic dis¬ 
sociation of the ammonia in tl^e solution, namely, 

[NH 4 •] [OH'] = K [NH 4 OH], 
must also be satisfied. 

The NH^’-ions are derived practically entirely from the 
solution of the solid ammonium chloride, since the NH 4 OH 
can be regarded as practically undissociated in presence of 
the NH 4 OI. The conceptration of the NH^'-ions, is, there¬ 
fore, 

“To®'] 


[NHJ 
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In order to produce this concentration of NH^'-ions we must 
dissolve in the 100 c.c. of solution (« 1/10 litre) 

* - jr[NH,OH] X ^gramgof NHjCl, 

where M denotes the molecular weight of NH^Cl. 

Substituting the numerical values in this equation we 
obtain 

» - 1-8 X 10- X 0 5 X Vrm-n - 
* 9*8 grams NH^Cl, 

since the total concentration of both NH^OH and Mg in the 
mixed solutions is 0*5 N. 

Problem 244.—The solubility of calcium carbonate in pure 
water is S ■= 1*3 x 10~* gram-molecules per litre. What is 
its solubility in water which is saturated with carbon dioxide 
under a pressure ( 1 ) ofpj =» atmosphere, and ( 2 ) q{ x=z 
atmosphere, and wnich, therefore, contains carbonic acid, if 
the concentration of carbonic acid in water is Kj^ => 0*04354 
times the pressure of the carbon dioxide in atmospheres, and 
the first and second dissociation-constants of carbonic acid in 
water are =» 3*04 x 10 ^ and Zg = 1'3 x 10’^* respec¬ 
tively ? 

Solution 244.—Iri the cast of all solutions which are 
saturated with CaCOg the equation [Ca * *] [COg"] «= L must 
be satisfied, where L is the solubility-product of calcium car¬ 
bonate. In pure aqueous solutions we may assume that the 
ionic dissociation is complete, and can, therefore, put [Ca ‘'] 
=» [COg"] »= S. We thus obtain 

(1) [Ca • •] [CO/] -= L - S*. 

By the addition of free carbonic acid the solubility of calcium 
carbonate is increased, i.e. the concentration of the Ca * 
ions is increased owing to the diminution of the COg"-ibn 
concentration by the reaction 

COg" -h HgCOg - 2HCO, , 

or, in other words, owing to the formation of bicarbonate. 
The mass-action equation for this reaction is 
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This oonstant K may be oalonlated as follows, from the giyen 
values of the dissooiation-oonstants of carbonio acid. For the 
first dissociation of carbonic according to the equation HjCO., 
* H* + HCO,', the law of mass-action gives 


m [H003'] 

[H'COg] 

and for the second dissociation according to the equation 
HC®/ « H' + COj" we obtain similarly 

at ® tco,"] _ ^ 

[HCOj']' " >■ 

(3) diviiled by (4) gives (2), thus 


[HCO,? „ K, 
[CO,"] [H,CO,] - “ K,- 


By multiplying ( 1 ) by (2) wo obtain 


The law of electro-neutrality requires 




2[Ca- •] + [H-] = [HCO3'] + 2[C03"]. 

Since carbonic acid is a very weak acid, [H*] is very small 
even in presence of free H.^C 03 , and [COj"] may bo neglected 
in comparison with [HCO3']. VVe thus obtain 


2 [Ca • •] = [HOOa']. 

The concentration of Ca ■ ‘-ions, and, therefore, the solu¬ 
bility of calcium carbonate in water containing carbonic acid, 
may be calculated from equation (5) if the concentration of 
the free carbonic acid, [HjCOg], in the solution is known. 
This may be obtained with the help of the factor of propor¬ 
tionality Ki, which is given. If the partial pressure of the 
OO 5 , over the solution is p, then 

[HjCOa] = 

Substituting this value of [H^OJ in equation (5), and 
bearing in mind that 2 [^a * *] >■ [HGOg'], we obtain from (5), 

[C* • •]' - 

and 
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[Ca ■ ‘■'l/ 

,/(l‘3)2x 10 "8 X 4"3o4x 10-2 X 3-04 x iF^ 
”v '4'x 1-3 xl0-‘‘ 

= 0'016 up. 

For -- atmosphere 

[Ca ‘'] -■= 0 016 X 0 37 “ 0*0059 gram-molecule per litre, 
and for p.^ ~ ^ atmosphere 

[Ca • ■] » O'OIG X 0-794 --= 0*0127 grain molecule per litre. 

Hydrolysis of Salts 

In an aqueous solution of a salt BA of a weak acid UA 
and a strong base BOH the salt is more or less hydrolysed 
according to the equation 

BA - 1 - ri^O = HA -f- BOH. 

Let X be the degree of hydrolysis, that is, of each gram- 
molecule of salt inr solution let the fraction x be hydrolysed 
according to the above equation ; the fraction (1 - x) of each 
gram-molooiile remains, therefore, unhydrolysed. If c is the 
total concentration of the salt in gram-molecules per litre, 
the concentration of HA and of BOH is, therefore, xc^ since 
they are produced in e'quivalent amounts, and the concentra¬ 
tion of the unhydrolysed salt BA is (1 ~ x)c. We shall 
assume further that the strong electrolytes, the salt BA and 
the base BOH, are completely dissociated, whilst the weak 
electrolyte, the acid HA, is practically undissociatod, a condi¬ 
tion which will bo very approximately fulfilled, !>'nce the dis¬ 
sociation of the \\eak acid into H'- and A'-ions, which is feeble 
even in a pure aqueous solution,'will be still further diminished 
by the presence of the large excess of A'-ions derived from the 
dissociation of the salt BA. If the concentrations of the 
various molecules aud ions are denoted by square brackets, 
we may, therefore, put 

[HA] = xc, [OH'] * xc aud [A'] =» (1 - x)Cy 

since, in the last case, the ooncentrafelon of the A'-ions derived 
f]it)m the dissociation of the HA must, for the reasons mven 
above, be practically negligible. The conoentration of the 
E'-ions, [H‘], we obtain from the fact that in any aqueous 
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solution at a given temperature the product of the conoen- 
trations of the H'- and OH'-ions must be constant, or 


[H •][OH'] = 


Ku, is called the ionic product of water. We obtain, there’ 
fore 


[H •] 


EyL = & . 

[OH'J XG 


Applying thfe law of masH-action to the dissociation of the 
weak acid HA we obtain 




IH -llA-] 

[HA] 



x)c 


xc 



) 


where K, \s the dissociation-constant of the acid Hence 


(ai) -BT, 


B — 


K.. 


K,. 1 


X c 


X (1 r)c 


K,j is called the hydrolysis-constant of the salt BA and, as 
is evident from equation ^ 2 i), 

K — acid)(oonc. of free base) ^ 

* (cone, of unhydrolysed salt) 

If JSTi, and, therefore, the degree of hydiolysis x, is very 
small, that is, if is very ir\uch greater than K,„ we may 
put (1 - a;) = 1 without great error, and we obtain from (ai) 
the approximation formula 

(aa) K„ - x^c. 

In an exactly similar way it may be shown that for a salt 
BA of a weal? base BOH and a strong acid HA, 


( 33 ) B, = 


X^C 


w||ere is the hydrolysis-constant of the salt, the dissoci¬ 
ation-constant of the weak base, x the degree of hydrolysis 
of the salt and c the total concentration of the salt. 

If the salt BA of the weak acid HA and the weak base 
BOH is hydrolysed acoo/iing to the equation 

BA + HjO « HA -H BOH 

and if we assume that the dissociation of the unhydrolysed 
salt (a strong electrolyte) is complete, whilst the weak acid 
9 
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and base are practically undissooiated in presence of the 
excess of A • and B'-ions furnished by the dissociation of the 
salt, then if c molecules per litre is the total concentration of 
BA, and x is the degree of hydrolysis, 

[A •] = (!- x)c, fB'] = (1 - x)c, [HA] = xc, [BOH] = xc, 

where the square brackets denote the concentrations of the 
enclosed substances in gram- molecules per litre. Therefore 

R- „ [H lA'J ^ [H •](! - x U 
[HA] xc 

^ _ [B •][OH'l _ (1 - a:)c[OH’] 

‘ [BOIl] - xc " , 
aad 

a:. X K, - ^ 

xc xc 


(1 - x^IL ^[OH'J _ (1 - xYK^ 


x^ 


x^ 


Therefore 


(34) 


X 


{Y~-xf 


(oono. of fyee acid)(cone, of free base) 

(cone, of unhydrolysed saltp 

Since the concentration c does not appear in this equation 
the degree of hydrolysis of a salt of a weak acid and a weak 
base is independent of the concentration. 


Hydrolysis—Examples 

Pboblbm 245.—At 25® C. the dissociation-constant of 
ammonia in aqueous solution is Kt, = 18 x 10 and at the 
same temperature the ionic product of water is = 0*8 x 10 ~ 

The concentration of hydrogen ions in a solution, which 
is Cl » 0*01 N with respect to ammonia and = 0*02 N 
with respect to diketotetrahydrothiazole, is a — 1*7 x 10“^ 
gram-ion per litre. What is the dhsooiation-constant of 

tjie acid, diketotetrahydrothiazole, and to what degree per 
cent, is the neutral ammonium salt of the acid hydrolysed 
(I) in a Cg c= 0 001 N-solution, and in a =« 0*1 N-solution ? 

Solution 245.—The acid, dikctototranydrothiazole, may, 
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for brevity, be represented by the formula AH, in which H is 
the acid hydrogen or cation, and A the acid radical or anion. 

According to the law of mass-action, the e^ilibrium 
equations for the dissociation of the base, NH^OH, and of 
the acid, AH, are 

[NH.irOH'l 

’ [Nil,OH] ■ ~ ‘ 

and 


( 2 ) 


lA'l [H-J 
[AH] 


For the dissociation of water the iouio product is 
(.3) [H-l fOirj - K„ 

In an aiiueous solution containing both the base and I he 
acid, all three equations must be siniuitiuieously satisfied. 
In tho'^ft equations K„ and the eoDcontrations [OTP], jNTl^'], 
(NH^OH], fA'I and lAJTJ are unknown, wliilst [H-] is given 
— a. E’er the evaluation of these six unknowns three 
fuither equations are, therefore, lequired.* 'rhese are 

(4) [NH^] + fNfl.Onj = c,. 

(5) [A': 4 - IA IT - (*., 

and ( 6 ) [NHJ + [H-] ^ [A'] + iOIT'l. 

The concentration of the, undissociated salt molecules, 
[NII,jA], may be negleeled, since the salt may be regarded 
as practically completely dissociated. The problem is, there¬ 
fore, capable of solution, and its solution is simplified by the 
fa^t that [H-] = u is very small compared with r, and ; 
the anions A' are, therefore, derived practically entirely from 
the dissociation of the salt NH 4 A, and the the excess of the 
acid AH is only slightly dissociated. 

Equation ( 6 ) therefore simplifies to 


(7) INH,-] 


From ( 1 ) and (3) we obtain 



[NH 4 I K, ir,[H-] 1*8 X 10-5 X 1-7 X 10-7 

[NH4OH] "" [OH'] ' 0-8 X 10-« ‘ 

382 

”-T‘ 


[NH4OH] may, therefore, be neglected in comparison with 
We thus obtain 
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from (7) and (4): [NH^‘] [A'] « - 0*01, 

from (5): [AH] =■ Oj - Cj =0*01, 

and from ( 2 ) .£„ *» =* a =• 1*7 x 10 "L 

In a C 3 N-solution of the neutral ammonium salt let the 
fraction x be hydrolysed according to the equation 

NH,V + up - Ail 4- NH 4 OH. 

Then [Nil,OH] = [AH] - xcg, ' 
and [Nil, J =- [A'J - Cj - xCj^. 

The ions H' and OIF are pre^jont only in very small con¬ 
centration, since both the base and tlie acid are very weak ; 
and the concentration of the undissociated salt molecules, 
[NH,A], may again be neglected on account of the pmctioally 
complete dissociation of the salt. 

From (1) we thus obtain 

(S) [OH ] = 

and from ( 2 ) 

( 8 ) X fD) gives 

—[OK J LH-I K,K„ 


and by dividing this lesult by (3) we obtain 

(1 - x Y _ 






and 


i ~ X j 

X ~ y 


X » 


K. 

1 


I 4. iKXa 1 + / 1'8 x“L7 X 

V V ~0-8 X Id-i* 


1 + v/382 


- 0 * 049 .^ 

* The degree of hydrolysis is, therefore, 4*9 per cent., and is 
the same for all concentrations of the neutral ‘salt, since x is 
independent of the total concentration The degree of 
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hydrolysis of a salt of a weak acid and a weak base is, 
therefore, independent of the concentration. 

Pboblem 246.—At 25*^ the distribution-coefficient of ani¬ 
line between benzene and water is 10-1. A litre of 0 03138 
N-aniline hydrochloride was shaken with 59 c.c. of benzene. 
After equilibrium was eskiblished 50 o.o. of the benzene was 
found to contain 0‘02916 gram of aniline. Calculate (a) the 
hydrolysis-constant of aniline liydrochlorido, (b) the percent¬ 
age hydrolyse in 0*1 N-solution and (o*) the dissociation- 
constant of aniline as a base, given that the ionic-product for 
water at 25° is 1‘2 x 10 * 


Solution 246.—(a) The molecular weight of aniline is 93, 
therefore 

(1) 50 c.c, of benzene contain ^ gram-equivalent oi 

aniline, and the concentration of the aniline in benzene is 

—X --- gram-oquj^alent per litre, 
y o ou 


Since 

concentration of aniline in benzene 
concentration of aniline in water 


we obtain 

(2) concentration of free smiline in water layer 
_ concentration in benzene _ 0 02916 x 1000 

io'-i" ” 9 FxT 0 ^“lOl 


“ 0*000621 gram-equiv. per litre. 

The total concentration of aniline originally present in the 
water was 0*03138 gram-equiv. per litre, hut, from (1), of this 
amount 69 o.o. of benzene extracted 


0*02916 ^ 59 
93 ** 60 


0*00037 gram-equiv. 


The total concentration of aniline (free and combined as 
hydrochloride) in the water layer at equilibrium is, therefore, 

0*03138 - 0*00037 =» 0*03101 gram-equiv. per litre. 

From (2), however, tfSe concentration of the fFee aniline is 
0*000621 gram-equiv, per litre, therefore the conoontration*of 
the aniline hydrochloride is 

(3) 0*03X01 - 0’000621 - 0*03039 gram-oquiv. per litre, 
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Since the benzene extmcts only aniline and not hydrochloric 
acid or aniline hydrochloride from the aqueous layer, the total 
concentration of HCl in the aqueous layer at equilibrium is 
equal to that of the aniline hydrochloride originally present, 
namely 0 03138 gram equiv. per litre. Of this amount, how¬ 
ever, 0‘03039 gram-cquiv. exists as aniline hydrochloride 
(from (3)), therefore the concentration of free 1101 at equi¬ 
librium is 


2 03 X lO 


-»6 


0*03138 - 0*03039 = 0*00099 giam-equiv. 4 per litre. 
From (3i) 

_ (cone, of free acid) (coiic. of free basej 
^ (couc. of uuhydrolysed salt) 

(0*00099)(0;00(^21) 

(0*03039) 

(6) If X is the degree of hydrolysis in 0*1 N-solution, from 

( 31 ) 

or 2*02 X 10-*’■= ^ —1 
1 - a; I - X 

.*. X - L-41 X lO-^' 


1*41 per cent. 


(o) From ( 31 ) K„ = ^ 


^ '1*2 X 10 

• • “ S-93 X ,0 ■». 


Ppoblems for Solution 

In the following problems the answers to those marked '* 
have been obtained hy using the simplified forn^’ilie (12) and 
( 13 ), i.e. by putting (1 - a) = 1, and ( 33 ), i.e. by putting 
(1 - it) = 1 . ' 

Faraday's Laws 

Problem 247.—A current passed through a water volta¬ 
meter liberated in 4 minutes <00 o.c. of hydrogen at 17" 0. 
and 750 mm. Calculate the mean current during the whole 
time. 

Ans. 1*669 am\.. 

Problem 248.—In the preparation of NaOH by the electro- * 
lysis of a sodium chloride solution, 600 c.o. of*-solution con¬ 
taining 40 grams NaOH per litre was obtained after a certain 
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time. During the same time 30*4 grams of Cu had been 
deposited in a copper voltameter in series with the electro¬ 
lytic cell. Calculate the percentage of the theoretical yield 
of NaOH obtained. 

Ans. 62'8 per cent. 

Problem 249.—What volume of hydrogen at 18° and 737 
mm. is liberated by passing a current of 1*54 amp. through 
a solution of dilute H^SO^ for 2 minutes? 

Ans. 23*56 c.o. 

Problem 250.—A current of 1*5 amp. is passed through 
a solution of CuCl, for I hour. What weight of electrolyte, 
is decomposed ? 

Ans. 3*764 grains. 

Transport Numbers 

Problem 251.— A solution of AgNOg containing 1*139 mg. 
of silver per gram of solution was electrolysed between silver 
electrodes and the anode liquid after electrolysis contained 
39*66 mg. silver in 20*09 grams of solution. In a silver volta¬ 
meter in series with the electrolytic cell '32*10 mg. of silver 
was deposited. Calculate tlie transport numbers of Ag* and 
NOV 

Ans. Ag* = 0*476, NO'., « 0 .524. 

Probj-e»i 252.-- A solution of CiiS 04 containing gram 
CUBO 4 per 41*59 grams w^ter was electrolysed between a 
copper anode and a platinum catliode, a silver voltameter 
being placed in series with the electrolytic coll. After eleotro- 
l^sifl 54*706 grams of the cathode solution gave on analysis 
0*5118 gram CuO. During the electrolysis 0*6934 gram of 
silver was cfhposited in the voltameter. Calculate the trans¬ 
port numbers of SO "4 and ^u * *. (Cu = 63*6, S = 32*06, 
0 16, Ag = 107*9.) 

Ans. SO "4 - 0*5146, Cu * * = 0*4854. 

Problem 253.—A solution of NaCl containing 0*01784 per 
cent, of chlorine was electrolysed between a Cd anode and a 
Pt cathode, with a silver voltameter in series. After electro¬ 
lysis the solution was divided into throe portions, cathode, 
anode, and middle poyAon. The concentration of the latter 
was unchanged, whilst 226*99 grams of anode solution con¬ 
tained 0*04&!r9 gram chlorine, and 331*49 grams cathode 
solution contained 0*05302 gram chlorine. In the silver 
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voltameter the equivalent of 0*01021 gram chlorine vros de^ 
posited. Calculate the transport numbers of Cr and Na\ 

Ans. or = 0*611, Na* =0*389. 

Pboblbm 254.—A solution of OdOl2 containing 0*2016 per 
cent, of chlorine was electrolysed between a Cd anode and a 
Pt cathode. After electrolysis 33*59 grams of the anode 
liquid contained 0*08020 gram Cl and 54*12 grams of the 
cathode liquid contained 0*09662 gram 01. The concentra¬ 
tion of the middle portion was unchanged. In id silver volta¬ 
meter in series with the electrolytic cell 0 06662 gram of 
silver was deposited during the electrolysis. Calculate the 
transport numbers of 0! and Cd * *. 

Ans. cr - 0*570. Od • * - 0 430. 

Eleotrolytio Dissociation 

Problem 255.—The equiv. conductivity of LiCl at 18° is 
101*4 r.o. at infinite dilution and 93*6 r.o. for a 0*01 N-solution. 
What is the degree of dissociation and the concentration of 
the cr ions in this solution ? 

Ans, a = 0*923, [01'] — 0*00923 gram-ion/litre. 

Problem 256.—At 18“ the equiv. conductivity of HI at 
•nfinite dilution is 384 r.o. and the specific conductivity of a 
0*405 N-solution is 0*1^32 r.o. What is the concentration of 
the H '-ions in this solution ? ‘ 

Ans. [H •] = 0*347 gram-ion/litre. 

Problem 257.—The equiv. conductivity at 26° of acetic acid 
containing 1 gram-equiv. in 32 litres is 9*2 r.o. The equiv? 
conductivity at infinite dilution is 389 r.o. Find ^he dissoci¬ 
ation-constant of the acid. 

Ans. 1*79 U 10 6. 

Problem 268.—At 26“ the specific conductivity of butyric 
acid at a dilution of 64 litres is 1*812 x 10 ~ ^ r.o. The equivt 
conductivity at infinite dilution is 380 r.o. What is the 
degree of dissociation and the conoentratiofi of H '-ions in the 
solution, and the dissociation-constant of the acid ? 

Ans. a w 0*0305, [H *] « 4*765 x IjO “ ^ gram-ions/litre, 

JS:= 1*5 X lO-^ 

Problem 259 (cf. preceding problem),—Whatsis the value 
of the dissociation-constant of butyric acid if tiiie oonoentra^ 
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tion measured in gram-equivalents per c,o. instead of gram- 
equivalents per litre ? 

Ans. 1’5 X 10”®. 

Pboblbm 260.—^The specific conductivity of a 5 per cent, 
(by weight) BaCL solution is 389 x 10 " * r.o. and its density 
1*0446 at 18®. What is the equivalent conductivity and de¬ 
gree of dissociation of the solution, if the equiv. conductivity 
of BaOlj at infinite dilution is J23 r.o. at 18“ ? 

Ans. A = 77-7, a - 0 632. 

Problem 261 (cf. preceding pioblem).—Wlmt is the freez¬ 
ing-point of the BaCl2 solution ? 

Ans. - J 064“. 

Problem 262.—At 26“ the specific conductivity of ammonia 
solutions, containing c gram-equivs. per litre is k r.o. The 
ionic conductivity of the NJEP'-ion at this temperature is 70'4 
and of the OH'-ion 200'6. Calculate the equiv. conductivity 
and degree of dissociation at each concentration and the mean 
dissociation-constant. 

C K 

0-0109 1-220 X 10 

0-0219 1-730 X 10 

Ans. A = 11-2 and 7-9 r.o., a = 0 0413 and 0-0291, 

K *= 1-94 X 10‘^and 1-92 x 10 ' nxan = 1-93 x 10”®. 

• 

* Problem 263 (cf. preceding problem). — At what con¬ 
centration is ammonia 1 per cent, dissociated in solution? 

Ans. c = 0-193 N. 

Problem 264.—At 25" the specific conductivity of ethyl- 
amine at a diliftion of 16 litres is 1-312 x 10 " ® r.o., the equiv. 
conductivity at infinite dilutionj is 232*6 r.o. Calculate the 
dissociation-constant. 

Ans. 5-6 X 10 " 

Problem 266 (of. preceding problem).—What is the con¬ 
centration of OH'-ions in the ethylamine solution ? 

Ans. 5-64 x 10 ~ ® gram-ion/litre. 

Problem 266.—At ^^t concentration of ethylamine is the 
concentrati< the Off-ions 0-01 N ? > 

Ads. c « 0*1886 mole/litre. 

Problem 267 ^At 26 “ the dissooiation-ooostant of mono- 
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ohloraoetio acid is l'd5 x 10 and its equiv. conductivity 
at a dilution of 32 litres is 77*2 r.o. What is its equiv. 
conductivity at infinite dilution ? 

Ans. 388 r.o. 

* Problem 268.—At 25° the dissociation-constant of lactic 
acid is 1'4 x 10 “ ^ and of monochloraoetic acid 1 65 x 10 “ •'*. 
At vrhat concentrations of lactic and chloracetic acids is the 
H --ion concentiation = 0 01 N ? 

Ans. For lactic, c = 0*724 Ff. 

For chloracetic, c = 0*0745 N. 

Problem 269.—The specific conductivity of KCl is practi¬ 
cally proportional to its concentration in solutions of moderate 
concentration. The specific conductivity at 18°*of a 10 per 
cent. KCl solution is 0*1359 r.o. and of a 15 per cent, solution 
0*2020 r.o. What is the percentage concentration of a KCl 
solution of which the specific conductivity is 0*1640 r.o. ? 

Ans. 12*13 per cent. 

Problem 270.—The density at 0° of a Ca(N03)2 solution 
containing 0*208 gram-molecule per litre is I’OIO. fts freez¬ 
ing-point is ~ 0*910° and its molecular conductivity at 0° is 
7B*B r.o. Taking the molecular conductivity at infinite dilu¬ 
tion — 129 r.o. at 0° and the freezing-point constant for water 
= 1*86 (gram-mole in^lOOO grams water), calculate the degree 
of dissociation from the couduct’vity and from the freezing- 
point. 

Ans. From conductivity =» 0*611. 

From freezing-point = 0*648. 

Problem 271.—At 25'' the specific conductivities of KCl 
and LiOl at a dilution of 32 litres are 4*25 x 10 “ ® r.o. and 
3*243 X 10~*^ r.o. respectiveljV. Compare the degrees of 
dissociation of the two salts at this dilution, taking the ionic 
conductivities of K, Li and Cl at 25° as 76*3, 41 and 76 r.o. 
respectively. 

Ans. KCl = 0-899, liCl « 0-892. 

^Problem 272.—The dissociation-constant of acetic acid 
at 18° is 1-8 X 10 “®. Calculate the degree of dissociation 
and the H--ion concentration (1) in ^0*25 N-acetio acid solu¬ 
tion, (2) in a 0-25 N-acetic acid solution containing 0*25 N- 
sodium acetate, if the sodium acetate is assunked to be com¬ 
pletely dissociated, 
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An'^. (l)tt ■■ 8*48 X 10 = 2*12 x 10' * gram-ion/litre, 

(2)a = 7 X 10[H*] = 1‘75 X 10“^ gram-ion/litre. 

Peoblkm 273.— At 18* the specific conductivity of a o per 
cent, solution of Mg(NO.,)^ is 438 x 10 ■* r.o. and its density 
1 *0378. What is its degree of dissociation if the equivalent 
conductivity of Mg(N03)2 at infinite dilution is 109*8 r.o.? 

Ans. 0*57. 

Problem 274.—At 18° the molecular conductivity of 
LiNOa is 94*4^ r.o. at infinite dilution, and 75*01 r.o. in a 
0 2 N-solution. What is the concentration of Li -ions in 
this solution ? 

Ans. 0*169 N. 

Problem 875.—The density of a 5 pe?* cent. NaCl solution 
at 18° is 1*0345 and its specific conduotivit)^ (572 x 10 * r.o. 
What is (1) the molecular conductivity, (2) the degree of 
dissociation of the solution, if the molecular conductivity of 
NaOl at infinite dilution is 109 r.o. ? (3; What is the vapour- 
pressure of the solution at 18" if that of pure water is 15*33 
mill. ? 

Ans. (1) 76 r.o., (2) 0*697, (3) 14*91 mm. 

Problem 276. -The velocity of migration of the Ag ‘-ion 
at 18* is 0*000577 cms. per sec. and of th(‘ NO'j-ion 0*000630 
cms. per sec. The specific conductivi^ of 0*1 N-AgNO^ at 
IK" is 0 00947 r.o. What is "the degree of dissociation of the 
AgNO^ V 

Ana. H 1*3 per cent. 

JPro^lem 277.—The freezing-point of a 0*1 molecular 
N - CaGl2 solution is - 0*482°. (1) Calculate the degree of dis¬ 
sociation (frel^zing-point constant = 1*89 for gram-mol. per 
litre). (2) Compare the value ..with that found from the equi¬ 
valent conductivity at 18°, which is 82*79 r.o., whilst the 
equivalent conductivity of CaClj at infinite dilution is 116*8 
r.9. 

Ans. (1) 0*775, (2) 0*716. 

* Problem 278.—What is the concentration of H*-ions in 
a solution containing 1 gram-molecule of acetic acid and 1 
gram-molecule of cyanotic acid per litre ? The dissociation- 
constant of acetic acid is 18 x 10 and of cyanacetic acsd 
370 X 10-6. 


Ans- 6*1 X 10 ■ * N. 
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Pboblbm 279.—^The molecular oonductivity at 25'’ of ethyl 
hydrogen malonate is 356 at infinite dilution, and 21*5, 41 *9 
and 67*3 at the dilutions 8*67, 34*28 and 68-56 litres respec¬ 
tively. Calculate the degree of dissociation and the dissocia¬ 
tion-constant at each dilution. 

Ans. a =» 6-04, 11*8 and 16-1 per cent. 

K - 4-54 X 10 - S 4*58 x 10 * and 4*51 x 10 ' 

Pboblbm 280.—At 25’ the molecular conductivities of 
malonic acid at the dilutions 32, 64 and 128 fibres are 77*1, 
103*6 and 137*0 r.o. respectively. The molecular conductivity 
at infinite dilution for dissociation into H*- and GaHaO'^-ious 
is 382 r.o. Calculate the degree of dissociation and the dis¬ 
sociation-constant at each dilution. What conclusion may be 
drawn from these figures as to the manner in which malonic 
acid dissociates at these dilutions ? 

Ans. a = 0*202, 0 271, 0*359 

1*59 X 10-3, 1*58 X 10-3, 1-57 ^ iq-'. 

Pboblkm 281 (cf. preceding problem).—Por the dilutions 
256, 512, 1024 and 2048 lities the molecular conductivities 
of malonic acid at 25” are 176*8, 222*6, 269*9, and 313*9 
respectively. What conclusions may be drawn from the 
values of K calculated from Ostw aid’s dilution law as to the 
dissociation of the acid at these dilutions ? 

Ans. K = 1*57, 1*62, *1*68,1-87* x 10 qecond dissocia¬ 
tion begins to be appreciable after ca. 256 litres. 

Pboblem 282.—A solution of NaCl containing 0*0685 
gram per 100 c.o. freezes ai - 0*03674”. The equiv. con¬ 
ductivity of NaCl at infinite dilution is 109 r.o. Assumifig 
the degree of dissociation at 18” to be the same «us at 0”, cal¬ 
culate the specific conductivity of the above solution. Take 
freezing-point constant = 1*89W gram-molecule per litre. 

Ans. 1*029 X 10 - ® r.o. 

Pboblem 283.—At 18” the molecular conductivity of bonic 
acid at the dilution v litres per gram-molecule is /a r.o. 

V 11*1 22*2 33*3 

fi 0*0474 0*0670 0*0825 

Calculate the degree of cUssociati^* and dissooiation-oon* 
sfiint at each dilution, given that the molecular conductivity 
at infinite dilation for dissociation into H - anfi HjBOg-ions 
is 346 r.o. 
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Ang. a « 1-37 X 10“*, 1-94 x 10“*, 2 39 x 10"* 

1-70 xl0-», 1-69 X 10-» 1*71 x 10 

Peoblem 284.—^The specific conductivity of a 0 509 N- 
KNOg solution at 18” is 454 x 10 “ * r.o. The temperature- 
coefficient of the specific conductivity between 18” and 22” is 
0*0208. What is the equivalent conductivity of the solution 
at 20” ? 

Ans. 92*9 r.o. 

Problem 285.—At 25’ the specific conductivity of malic 
acid at a dilution of 32 litres is 1'263 x 10 ^ r.o. The 
equivalent conductivity at infinite dilution for dissociation 
into H*- and C 4 H 50 ' 5 -ions is 380 r.o. Calculate the degree 
of dissociatffin and the dissociation-constant. 

Ans. a = 0*106, K = 3*93 x 10“*. 

Problem 286 (of. preceding problem).—At what dilution 
is the concentration of H*-ions in a solution of malic acid 
0*02 N? 

Ans. 0 963 litre. 

Problem 287. — At 25” the equivalent conductivities of 
fumaric and maleic acids at a dilution of 32 litres are 60* I 
and 179 r.o. respectively. The equivalent conductivities at 
infinite dilution for dissociation into two ions are 385*6 ana 
391*8 r.o. respectively. Cony^iare their'dissociation-constants. 

Ans. Fumaric 9 x 10 maleic 1*2 x 10 

Problem 288.—The molecular conductivity of a Ga (NO-X 
solution containing I gram-molecule in 23*81 litres is 98*9 
r.*o. at 0”. The molecular conductivity at infinite dilution is 
129*2 r.o. at«0”. What is the freezing-point of the solution? 
Take freezing-point constant =: 1*89 for gram-mole/litre. 

Ana. -^0-2008". 

Problem 289.—The specific conductivity of 0*135 N-prop- 
iiSnic acid at 18” is 4*79 x 10 “ * r.o. and that of 0*001 N- 
sodium propionate is 7*54 x 10'® r.o. The ionic conductivity 
of the Na ‘-ion is 44*4 and of the H*-ion 318 r.o. Assuming 
the sodium propionate to be completely dissociated, calculate 
the dissociation const^ of propionic acid. 

Ans. 1*41 X 10“^ • 

^pROBnaM^OO (of. preceding problem).—The dissociation- 
oonstant ol benzoic acid is 6 x 10 What is the ratio of 
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the H'-ion conoentrations in benzoic and propionic aci^s at 
equal dilutions ? 

Ans. 2‘07 : 1. 

pROBiiBM 291 (cf, preceding problem).—At what dilution 
is the concentration of H'-ions in a benzoic acid solution 
0-005 N ? 

Ans. 2-37 litres. 

Problem 292.—The velocity-constant for the inversion of 
cane sugar by 0-0125 N-HCl at 54° is 0-00469. ** The velocity- 
constant for inversion by 0-25 N-formic acid at the same 
temperature is 0 00255. Calculate the dissociation-constant 
of formic acid, if it is assumed that the velocity-constant is 
proportional to the H*-iou concentration, and th?t the HCl is 
completely dissociated. 

Ans. AT = 1-9 X 10 

Problem 293 (cf. preceding problem).--What would be the 
velocity-constant at 54° for inversion by a 0-25 N-formic acid 
solution, containing OT N-sodium formate, if the latter is 
regarded as completely dissociated ? 

Ans. 0‘000169. 

Solubility-Product—Hydrolysis 

c 

Problem 294.—^At 18“ the* specific conductivity of a 
saturated solution of silver chloride in water was 2-40 x 
10 "® r.o., and that of the water used was I IG x 10"® r.o. 
Given the equivalent conductivity at infinite dilution of 
AgNOg = 116*5 r.o., of NaCl = 110-3 r.o. and of NaNOg*®- 
106-2 r.o., and on the assumption that the AgCWs completely 
dissociated in solution, calculate the solubility in gram- 
molecules pec litre and the solhbility-product of AgGl at 18°. 

Ana. S = 1*018 x 10"® gram-mol./litre, L** 1-036 x 10"*®. 

Problem 295.—At 16*3° a saturated solution of bariifba 
oxalate has a specific conductivity of 67-7 x 10 " ® r.o. whilst 
that of the water used was 1*2 x 10 ~ ® r.o. The ionic con¬ 
ductivities for ^ Ba** and ^ at 16-3° are 50-6 and 

58*4 r.o. respectively. On the assunifition that the dissooia- 
tibn of the salt is complete, calculate the solubility, in gram- 
molecules per litre, of BaCiiO^ at 16-3°. 

Ans. 3-06 X 10 “ 
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I^OBLBM 296.—At 26® the concentration of a saturated 
solution of silver acetate is 0*0664 gram-molecule per litre. 
The molecular conductivity of the solution is 75*2 r.o. and 
the molecular conductivity of silver acetate at infinite dilution 
is 101 *5 r.o. What is the bolubility-product of silver acetate ? 

Ans, 0*00241. 


Problem 297. — The solubility of CaS04 at 20“ is 
2*036 grams ner litre. The specific conductivity of the 
saturated solution at 20’ is 1968 x 10~‘‘ r.o. The ionic 
conductivity for ^ Oa * * at 18“ is 52 r.o. and the temperature- 
coeflicient of the conductivity is 0*0238. The ionic con¬ 
ductivity for 4 SO"4 at 18“ is 68*3 r.o. and the temperature- 
coefficient 0*0227. Calculate the degree of dissociation of 
CaPO^ in the saturated solution and the solubility-product 
at 20°. 

Ans. a 52*25 per cent., L -= 6*11 x 10 
Problem 298. —The solubility of beu/oic acid at 25“ is 
3*40 grams per litre and its dissociation-constant is 6 x 10 “ 
What would he its solubility in a 0 01 N-sodinm benzoate 
solution and in a 0*01 N-IICI solution, if both those aub- 
slducoa are regarded as completely dissociated? 

Ans. 0*02678 gram-mol. per litre for both. 

Problem 299.- -Magnesium carbonate, which is practically 
insoluble in watei, dissolves ui water containing COo owing 
to formation of bicarbonate. In a solution saturated with 


00.^ under atmospheric pressure the solubility of MgCOj at 
25" was 0*325 gram-molecule per litre. The first dissociation- 

con*stant of carbonic acid is x 10 and 

'"*111*1 rco” 1 

the second dissociation-constant ^s “ 1'295 x 10" 


According to Henry’s law the concentration of HgCOj is 
proportional to the partial pressure of CO.^, the relation at 
25'^being given by [HaCOg] - 4*92 x 10' “(CO.^), if [H2CO3] 
is expressed in gram-molecules per litre and {GO 2 ) in atmos¬ 
pheres. On the assumption that the whole of the magnesium 
in the solution is in the form of bicarbonate, and that the 
bicarbonate is 61 per oer/. dissociated, calculate the solubility- 
product of MgCOg at 26°. (Express all concentrations m 
gram-molecules 'br gram-ions per litre.) 


Ans, 2*7 X 10"*. 
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Problem 300.—At 25" the molecular conductivity of aiiiline 
hydrochloride at a dilution of 256 litres is ISO'S. At the 
same dilution, but in presence of a sufficient excess of aniline 
to practically prevent hydrolysis, it is 107’1. The conduc¬ 
tivity of the aniline in presence of its hydrochloride may be 
neglected. The equivalent conductivity of HCl at a dilution 
of 256 litres is 410. Calculate the degree of hydrolysis of 
aniline hydrochloride at this dilution. 

Ans. 7'72 per cent. 

Problem 301.—From the degree of hydrolysis obtained in 
the preceding problem calculate the hydrolysis-constant of 
aniline hydrochloride, and the dissociation-constant of aniline 
as a base, given that the ionic product for water at 25° is 
1*21 X 10" Assume the aniline hydrochloride and the 
HCl to be completely dissociated, and the aniline to be prac¬ 
tically undisROciated. 

Ans. = 2-52 x 10 £, - 4*8 x 10-i®. 

Problem 302.—From the result obtained in the preceding 
problem calculate the degree of hydrolysis of aniline hydro¬ 
chloride in a 0 01 N-solution. 

Ans. 4-88 per cent. 

Problem 303.—At 20° the specific conductivity of a satur¬ 
ated solution of TlGl is 1680 x 10 * r.o. The total concen¬ 
tration of TlCl as determined (Jirectly at 20° is 1*36 x 10 “ ^ 
gram-molecules per litre The equivalent conductivity of 
TlCl at infinite dilution is 137‘3 r.o. What is the degree of 
dissociation of a saturated solution of TlCl at 20°, and what 
is the solubility-product of TlCl ? 

Ans. a = 90 per cent., L = 1 o x 1^ 

Problem 304.- -The molecular conductivity of carbonic acid 
at the dilution of 1 gram-inolicule in v litres is /a r.o. 

V 27*5 56 0 110-0 

/I 1-033 1-450 2*040. 

Calculate the degree of dissociation, and the dissociation- 
constant for each dilution for dissociation into H‘- and HCCYg- 
ions, given for NaHCOj 84-9, for NaCl = 110*3 and for 
HCl - 381-9 r.o. . 

‘ Ans. a - 2*9 X 10 4 07 x 10 “ 6-72 x 10 

JS:« 3-06 X 10 \ 3*02 X 10 209 x 10 

mean - 3-02 x 
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^•pROBrjBM 306.—From the dissociation-constant of carbonic 
acid obtained in the preceding problem calculate the hydrolysis- 
constant for the hydrolysis of NaHOO^ according to the 
equation 

NaHCOj HjO » NaOH + H2CO3, 

and the degree of hydrolysis of the salt in O'l N-solution. 
Assume the strong electrolytes to be completely dissociated, 
and the weak acid to be practically undissociated, and take 
the ionic preduot of water =« 1-2 x 10 

Alls, K =■ 3*97 X 10 ~ £c =■ 0 003 per cent. 

Problem 306.—At 100'' C. 100 o.c. of water dissolve 0*1? 
gram of AgCNO, How much AgCNO will be dissolved at 
this terapor|itur(3 by 100 c.c. of a solution containing 1 gram 
of AgNOjV The silver salts may be regarded as completely 
ionised. 

Ans. 0*016 gram. 

Problem 307.—The solubility of Ag^COg in water at 25" 
is 1 X 10"^ gram-molecule per litre. Calculate the solu¬ 
bility-product, assuming that the dissociation is complete. 

Ans. [Ag*]3 [CO'jJ = 4 xlO 

Problem 308 (cf. preceding problem). —What is the 
solubility at 26“, in gram-molecules per litre, of AggCOg ^tj, 
01 molecular N-Na2C03 solution. Assume complete dis¬ 
sociation of both salts. ^ * 

Ans. 3*16 X 10-«. 

Problem 309.—At 25" the solubility of AgCl in water is 
1'5 X 10 gram-molecule per litre and that of AgBr 
7* X 10 ” gram-molecule per litre. On the assumption that 
both salts aiK} practically completely dissociated, calculate the 
concentrations of Ag *-, 01'- and Br'-ions in a solution which 
at 26“ is saturated with both ^.gCl and AgBr. 

Ans. [Ag •] = 15*03 x 10 “ [Cl'] « 15 x 10 - 
3*26 X 10 " ® gram-ion/litre. 

Problem 310.—A solution of MgCl^ was treated with a 
solution of NH4OH and the precipitated Mg(OH)j, shaken 
with the solution till equilibrium was established. The 
solution on analysis^Ave 0*0219 gram-molecule MgClg per 
litre, 0*0] 15 gram-mmeoule NH4CI per litre and 0*0394 graW 
molecule of fi^ NH4OH per litre. The dissociation-constant 
of NH4OH is 1*8 X 10 ■ Assuming the MgCOH)^^ MgOlg 
10 
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and NH^Cl to be completely dissociated and the NH 40 fi in 
cpmsenoe of the NH^Cl to be praotioally undissociated, 
calculate the solubility of Mg(OH )2 in water in gram* 
molecules per litre and its solubility-product. 

Ans. S -* 2*75 x 10 " ^ gram-mol./litre, L = 8-33 x 10 " 

Pboblbm 311.—The solubility of silver hydroxide as 
determined directly is 2T6 x 10 “ * gram-molecule per litre. 
The solubility of AgGl as determined by the conductivity 
method is 1*5 x 10 “'' gram-molecule per litre. A dilute 
solution of KOH was shaken with an excess of moist silver 
‘oxide and silver chloride till equilibrium according to the 
equation 

AgOl + KOH = AgOH + KCl . 

was established. The solution then contained 0-666 milli¬ 
gram-molecule of KCl per litre and 70-7 milligram-molecule 
of KOH per litre. Assuming that the KCl is 95 per cent, 
and the KOH 90 per cent, dissociated, calculate the solubility- 
product and degree of dissociation of AgOH in a pure aqueous 
saturated solution. 

Ans. L — 9*26 x 10 " a « 69*6 per cent. 

* Problem 312.—Calculate the percentage hydrolysis of 
f'Adium acetate in 0-1 N-solution at 25” from the following 
data, assuming that the salt is completely dissociated. 

Dissociation-constant of acetic acid «= 0-000018 
Ionic product for water = 1-21 x 10 ~ 

Ans. 8*2 X 10 ■ ® per cent. 

Problem 313.—At 26” the velocity-constant for the sapoqi- 
hoation of methyl acetate by N-HCl containing c gram-mole* 
cule of urea per litre is k. ' 

c 0*0 0*5 I.. 1*0 2*0 

k 0-00316 0-00237 0*00184 0 00114. 

Assuming that the velocity-constant is proportional to the 
concentration of free acid, calculate the hydrolysis-oonstaht 
of urea hydrochloride for each concentration and the mean 
value. 

Ans. 0*766, 0*820, 0*772, mean 0*786. 

^OBLBM 314.—From the mean Vydrolysis-constant of 
urea hydrochloride found in the preceding example, calculate 
the dissociation-constant of urea into the ions and 

OH'. Take the ionic product of water at 25” » 1'2 .x ly 
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anft assume that the free aoid and the salt are oompletely 
dissociated, whilst the weak base is practically undissociatecV 

Ans. K, - 1-53 x 10 ' 

Problem 315 (of. problem 162).—The velocity-constant 
for the decomposition of diacetonealcohol by 0*1 N-NaHS, 
under the same conditions as in Problem 162, is 0*000037. 
Taking the degree of dissociation of 0*1 N-NaOH — 90 per 
cent., calculate the degree of hydrolysis of the 0*1 N-NaHS 
according t(f the equation 

NaHS + HjO * NaOH + H3S. 

Assume that the degree of dissociation of both NaOH and 
NaHS in the hydrosulphide solution is 90 per cent. 

Ans. 0'17 per cent. 

* Problem 316 (cf. preceding problem),—What would bo 
tbe degree of hydrolysis of NaHS in 0*0J N-solution 

Ans. 0’537 per cent. 

Problem 317.—At 25° the dissociation-constant of aniline 
is 4‘8 X 10 ■ and of acetic acid 1*8 x 10^ '’. The ionic 
product of water is 1*2 x 10 ’ What is the degree of 
hydrolysis of 0*01 and 0*05 N-solutions of aniline acetate, if 
the unhydrolysed aniline acetate is assumed to be completely 
dissociated ? ^ 

Ans. 54-12 per cent, for botl?-concentrations. 

Problem 318 (cf. preceding problem).—What is the H--ion 
concentration in each of the aniline acetate solutions ? 

Ans. 2*12 X 10 “ ^ gram-ion per litre in each. 

Problem 319.—At 100“ the following figures were obtained 
in the catalysis of N/32 methyl acetate solution by N/500 
HCl, A being the titre of 10 o.c. of the solution at the time i, 

< 0 64 113 15^ 00 minutes 

A 1-10 4-16 6*03 7'36 15*70 c.c. N/50 NaOH. 

The velocity-constant for the catalysis of N/32 methyl acetate 
by a solution of AIGL containing 1/32 gram-molecule per 
litre was 0*00216 at 100^. Assuming proportionality between 
the velocity-constant and the concentration of HGl, calculate 
the degree of hydrolysis of the AIGI3 solution. 

Ans. 8*7 per cent. 

Problem ^20.—At 100^ the following figures were obtained 
in the oatalyBis of the inversion of a T'o per ceni cane suger 
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solution by N/1000 HCl, A being the angle of rotation at\he 
time 

to 22 40 OD minutes 

A + 10*66° 4- 2-43° - 0'49^ - 3-63°. 

At 100° the figures for the catalysis of the same sugar 
solution by an AlCl^j solution containing J /32 molecule per 
litre were 

f 0 15 26 00 ininutes 

A + 10‘78° - 0*16° - 2-36° 3'53“. 

Assuming proportionality between tlio velocity-constant 
and the HCl concentration, calculate the degree of hydrolysis 
of the AICI3 solution. 

Ans. 8*03 per cent. 

Problem 321.—The partition-coefliciont of the weak acid 
hydroxyazobenzene, CgHjN : N . CgH^OII, between benzene 
and water is 539. 1000 c.c. of an aqueous solution contain¬ 

ing O’Ol gram-equivalent of the acid and 0*012 gram-equiva¬ 
lent of Ba(On), was shaken with GO c.c. of benzene. The 
concentration of the acid in the benzene layer was found to 
be 0*0537 gram in 50 c.c. Calculate the hydrolysis-constant 
of the barium salt and the degree of hydrolysis in a 0*01 
e^ivalent N-solution of tlie pure salt. 

Ans, Xh = 2*34 x 10 *x — 1*53 per cent. 

Problem 322 —At 20"^ the partjtion-coeiiicient of p-nitrani- 
line between benzene and water is 9*0. 1000 c.c. of an 

aqueous solution containing 0*05035 equivalent of HCl and 
0*00693 equivalent of the base j>-nitrandine was shaken with 
59 c.c. of benzene till equilibrium was established. 6p 
c.c. of the benzene .solution then contained 0*2165 gram of 

{ }-nitraniline. Calculate the hydrolysis-constant of ^-nitrani- 
ine hydrochloride and the degrqs of hydrolysis in a 0*05035 
N pure aqueous solution of the salt. 

Ans. Kjt = 10*67 x 10 ~ ir = 74*2 per cent. 
Problem 323.—At 25° the solubility of cinnamic acid ih 
water is 0*00331 gram-molecule per litre,- and its dissociation- 
constant is 3*56 X 10 ~The ionic product of water is 
1*2 X lO"**. The solubility of cinnamic acid in a solution 
containing 0*01 gram-molecule of anilin^ per litre is 0*00804 
gram-molecule per litre. Assuming the unhydrolysed aniline 
oinnamate to be 93 per cent, dissociated, calculate the die* 
sooiation-ooDStant of aniline. 

Ans. 6*02 X 10 
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KLBOTROpB T'OTKNTIAli. NORMAL TOTENTTAL. -CONCEN¬ 
TRATION CEL I.S. RLECrUOMOTTVE FORCE OF fMLVANIO 
elements. -OIFlTTSfON fOTENTIAI^. -OXIDATION-RE¬ 
DUCTION PO'l’ENTTAL. - AFFINITY OR MAXIMUM WORK 
OF A REACTION IN A OAUVANIC ELEMENT.—GIBBS- 
HELMHOLTZ EQUATION 


Electrode Potential 


eleclnmiotivc force of a metal electrode (i.e. one 
-A which furnishes only positive ionsj against a solution 
of a aalt of the metal is 


(i) 


Ji'l' P 

_ — 

nF p 



C 

c 


Here « denotes the potential (iilfeience bet’weeii the metal 
and the solution, and must be taken with its proper sign. It 
is positive if the metal is cliarged positively with respect to 
the solutidh and negative if the metal is negatively charged. 
P is the electrolytic solution pressare (or tension) of the 
metal, p the osmotic prossifre of the metal ions in the solu¬ 
tion, and 0 and c the concentrations of the metal ions in 
, gram-ions per litre, corresponding to the osmotic pressures 
P and p. n is the valency of the metal ion or the number of 
gram-equivalents in a gram-ion. F is one faraday or 96540 
coulombs, the charge carried by one gram-equivalent of any 
ion. T is the absolute temperature and B the gas-constant. 
When f is expressed in volts (i.e. when the unit of energy is 
the volt-coulomb or joule) the numerical value of B i8*8’32. 
On ohangii% from natural to common logarithms the above 
expression, therefore, becomes 

W 
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NORMAL POTENTIAL 


e =as — 
r 


8-32 X 2 802 x T , P 
n X 96540 ^~p 


1-984 X 10-* X r. ;jP 

- iT —■“ ' ** p 

1-984 X 10-■* X r, C 

---log 

n c 

k-iu 1__i„i._ 2*032 X RT 


For a temperature of 18“ 0. = 291“ absolute,- - - 

is, therefore, 0 0577, and for 25° C. ** 298° absolute, it is 
0 0691. For ordinary temperatures the value 0 058 may bo 
employed, so that we obtain 


0 058, P 
— log 
n p 


n ^ c 


For an oloetrode which furnishes only nogativo ions (e g Clg, 
Br^, etc) the corresponding expression is 

, , 0*058, , P 0-058, a 

n p n c 

Normal Potential 

The electromotive force, of an electrode against a solu¬ 
tion which is normal ^vith respect to the corresponding ions 
(i.e. contains 1 gram-ion per litre) is called the normal 
potential (or electrolytic potential) of the electrode substance. 
Thus for a metal electrode we obtain from (i), since c ^ 1, 

, V ,0 * 0-058, „ 

(4) - .TTt log- C - - —log C, 


and, for any other concentration c, from (2) 

, ' Ur, 0-058, 

(s) ' “ + ^log. C = t. f -;i-Iog c- 


E.M.F. of GoncPintration Cell 

The E.M.F. of a concentration cell of the form 

Metal metal salt solution in metal salt solution in Metal 
which the ooncentra- which the .concentra¬ 
tion of the metal tion of the metal 
ions is c ions is c, 

is 

E = e — Cj 

if the diffusion potential at the junction of the tVo solutions 

is neglected, c is the electrode ^tential at the junclaon 



blIsotbomotive force 


ISl 


Metal/solation of ionio oono. c. 
is the electrode potential at the junction 
Metal/solution of ionio oono 
From (i), therefore, 


(6) E 


BT, G RT. G 
,-77. r + rw >«& 


nb 
BTy 0 


nF 


or, at ordinary tein, ciaturo, from (2) 

„ 0'058, c 

E =-log - 


n 


E.M.F. of Galvanic Element 

The electromotive force of a galvanic element of the form 


Metal M of 
valency n 


solution of salt 
of metal M in 
which the oono. 
of the metal 
ions is c 

iy, from (1) and (5), 

(7) EJ = c - 

RT 


solution of salt 
of metal M, in 
which the oono. 
of the metal 
ions is c, 


Metal M, of 
valency 


RT, 


+ 




- £ 


«1 


G 

iiiF 


log, c,. 


and are the potential differences between the metals 


M and M^^nd their respective solutions, and 
normal potentials of the metals M and Mj. 


e, and 


Col 


Diffasion-potential 

The diffusion-potential at the junction of two solutions of 
different concentrations of the same binary electrolyte, com¬ 
posed of two univalent ions, is 


(8) 


Ic- RT e 

I7+r,' 


c is the ooncentratiCn of the ions in the concentrated solution 
and Cj thatoin the dilute solution. Ic and are the ionio 
oonductiYities of the positive and negative ions respeotlvely 
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([). 104). The sign of € is that of the potential of the dRute 
solution with respect to the concentrated solution. It should 
‘bo noted that the potential of the dilute solution is of the 
same sign as the faster moving ion. 

At the junction of two solutions of different binary electro¬ 
lytes of the same ionic concentration, and when each electro¬ 
lyte gives only univalent ions, the diffusion-potctitial is 


(9) 


RT, I,. + l\ 

b’ l'„ + 


where Ig and /, arc tlio ionic conductivities of the ions of the 
one electrolyte, and I', and those of the other. 


Oxidation-reduotion Potential 


Every oxidation process in which ions take part can be re¬ 
garded as a taking-up of positive charges or a giving-up of 
negative charges, a>id, conversely, every reduction as a 
giving-up of positive or a taking-up of negative charges. The 
oxidation of ferrous to ferric ions, for example, may be 
i-eprescnted by the equation 

Fe ■ • f 0 Fe • • 

If such a process takes place at an indifferent (unattack- 
al\ie) electrode, a potential-difference between the electrode and 
the solution is develope^l. The magnitude of this potential- 
difference depends on tlic concentrations of the substances 
taking part in the reaction. Thus for the reaction 

mA + nB + nF = pC -t- qD, 


in which m molecules of A and n molecules of B are converted 
into p molecules of 0 and q molecules of D by taking up n 
foradays of positive electricity, the electrode-pdtential c is 


given by the equation 

(lO) € « £„ + 


R^ 

[Bp' 


The square brackets denote the concentrations of the en¬ 
closed substances. c„ is the normal potential of the electrode 
reaction. It is the potential of the electrode against the 
solution when all the substances A, B, C and D, which de¬ 
termine the potential, are present in unit concentration. In 
theaumerator of the logarithmic expression are the concen¬ 
trations of those substances which are formed by the taking- 
up of positive charges (i.e. the higher state of oxidation). 
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AflSnity of Reaction 

The affinity of a oheinioal reaction (p. 67) whioh takes 
place reversibly in a galvanic element is 

(ii) A =» nFE volt-coulomba or joules, 

where E is the electromotive force of the element in volts, 
E = 96540 coulombs, and n the numbe) of faradays which 
flow through the cell during the transformation of the quanti¬ 
ties of the reacting substances given by the chemical equation 
representing the cell-reaction. Thus for the reaction 

2H, + O, = 

n 4, since 4 equivalents of hydrogen or of oxygen aiej 
transformed fn the formation of 2 molecules of w atoi and 1 
faraday flows through the cell during the iiansfoi ination of 
each equivalent. 

Since 1 joule - 0 I:23M7 calorie, we obtain from (ii) 

(I2) A - nFE X 0 2387 

- nE X 96540 x 0-2387 
=* nE X 23040 calories. 


Gibbs-Helmholtz Equation 


If A is the maximum work obtainable liom a choniieal 
reaction at absolute temperatare T and Q is the heat evolved 
during the reaction (as measured in a calorimeter), then ac¬ 
cording to the Gibbs-Helmholt/ equation, 

(13) A = g h . 


dA 

df 


is the temperature-coefficient of the maximum work, 


or the amount by whioh A is altered for a temperature-change 
of and may be positive, negative or zero. A and Q 
should, of course, be expressed in the same unit of energy. 
From (ii) and (13) we obtain 


( 14 ) JH 


Q , 

nF ^ ^ ~dT' 


from whioh the electromotive force E of a galvanic element 
at T® absolute ihay be calculated from Q, the heat of the re¬ 
action taking place in the element, and the temperature- 
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dE 

coefficient of the electromotive force express E in 

volts, Q must be expressed in volt-coulombs. If Q is given 
in calories, then, since 0’2387 calorie = 1 volt-coulomb, 


(15)-E? “ nFx 0-2387 ^dT 
*" ^40n 


_ Q_ _ 

n X 96540 x 0 2387 ^ dT 


B.M.F.—Exampias 

Frobi/KM 324 —The normal potential of Cd la e,, — - 0*420 
volt and of Ag — 0*798 volt, both referred^to the N-H- 
electrode as zero. Neglecting the diffusion-potential at the 
junction of the two electrolytes, calculate the electromotive 
force E of the cell 


Cd I c = 0-5 mol. N-CdlNOg), 1 =- 0-1 N-AgNOg \ Ag 

at 18°, given that the degree of dissociation of the Cd(N08)3 
solution is a = 048 and of the AgNOg solution oj = 0*81. 

Solution 324.—The concentration of the Cd • *-ions in the 
c a= 0*5 mol. N-solution is ac = 0*48 x 0*5 gram-ion per litre. 
The concentration of the Ag --ions in the Cj = 0*1 N-AgNOj 
is&lution is tt,Ci = 0*81 x 0*1 gram-ion per litre. From (7), 
therefore, 

ET RT 

^ ^ ac - €„1 - ;^rlog«aiCi, 

and, since n for Cd ■=> 2 and for Ag »» 1, we obtain at 18" 
E - 0 420 + 0*029 log (0*48 x 0*6) - 0*798 

- 0*058 log (0*81 X 0*1) * 

- - 0-420 -4- (0*029 X -0*6^98)-0*798-(0*0^8 X - 1*091) 
« 0*420 - 0*018 - 0*798 + 0*063 

“ -- I'173 volt. 

The Gd is, therefore, the negative pole, or, in the cell the 
current flows from the Cd to the Ag. 

Problem 325.—The electromotive force of the cell 


Hg 




HgO in 
N-NaOa 


Hg 


i$ 0*168 volt at 18°. The degree of dissociatidhof N^EOland 
of JI-NaOH is 0*72. The ionic oouductivity of K- is Z,^afe6.4*9, 
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16 $ 


of or h - 664, of Na- Vc - 43*6 and of OH' = 174 at 18". 
Taking the oouoentration of the Hg * ‘-ions in a saturated 
solution of HggGlj in N>KC1 (normal calomel electrode) as 
c •- 3 X 10 ^ gram-ion per litre, calculate the solubility- 
product of Hg(OH)2 at 18®. 

Solution 325. —According to ( 9 ) the diffusion-potential at 
the junction of the two electrolytes KCl and NaOH is 


c 


0-ft68 log 


I 'r I'4 


0-058 log 


64-9 + 174 
43*6 + 65-4 


. „ _ , 238-9 

0 068 log 

0*0198 volt 


Since OH' is by far the fastest moving ion the KCl solution 
will be negative with respect to the NaOH solution, and the 
diffusion-potential must, therefore, be subtracted from the 
total electromotive force of the cell to obtain the electromotive 
force of the Hg concentration-cell alone The latter is, 
therefore, 

E = 0168 - 0*0198 = 0*1482 volt. 


If Cj is the oonceutratioii of the Hg * '-ions in the NaOH 
solution saturated with HgO, we obtain from (6), since n <= 2, 

E a= —log - = 0*029 log '-, 

.*. logCj =» 26*684 and Cj =» 4*83 x 10 gram-ion per 
litre. 

The solubility-product of Hg(OH)^ is (p. 121) 


L=» [Hg**] [OH'f. 

In N-NaOfi saturated with HgO we have just found 
[H^ ■ •] » Cj = 4*83 X 10 ■ 26^ Aad, since the degree of dis¬ 
sociation of the N-NaOn is 0*72, the concentration of the 
OH'-iona is 1 x 0‘72, or [OB'] = 0-72. Therefore 
L •= (4-83 X 10 “ 26) (0*72)» 

» 2*5 X 10 “ 2®. 

Pboblbm 326.—The E.M.F. of the cell 


Ag I 0 


001 N-AgNC, 


saturated 

NH^NO., 


Cl = 0*001 N-AgNOg I Ag 


is H 0*0579 volt at 25®. Assuming that the interposition 
of saturated NH^NOg solution completely eliminates the 
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diffusion-potential, and that the 0-001 N-AgNOj solution is 
completely dissociated, calculate the degree of dissociation 
and the concentration of the Ag--ions in the O’Ol N-AgNO, 
solution. 


Solution 326. — If a is the degree of dissociation of the 
c «« O’Ol N-solution, the concentration of the Ag --ions is ac . 
Since the ~ O’OOl N-solution is completely dissociated, 
the concentration of the Ag --ions in it is c,. ^or the E.M.F. 
of the Ag ooncontration-coll wo therefore obtain from (6) 


and, since n 


E 


nr, ac 
nF oT- 


1, at 25° 

0’057y =. 0-05UIog'' "" 

" O’OOl 




.. a ~ 0*958. 

The concentration of the Ag ’-ions in tho r ~ O’OJ N-solu¬ 
tion is 


[As:-] = ac =■ 0’958 X O’Ol = 0*00958 gram-ion per litre. 

Problem 327.—The normal potential of silver is == 
Iff 0’771 volt (hydrogen standard), that of chlorine at atmo¬ 
spheric pressure 13 €( -- + 1*366 volt, and that of bromine at 

atmospheric pressure is = + 0 99 volt. The solubility- 
product of AgCl at 25° is — 2 x 10 " and that of AgBi 
Z/j = 2 X 10 “1®. What is the affinity of silver, in joules and 
calories, (a) to chlorine under atmospheric pressure, (6^ to 
bromine-vapour under atmospheric pressure? 


Solution 327 —(a) The affinity of silver to chlorine at 
aimosphevio pressure is defined as the maximum work which 
can be gained by the reversible combination of 1 molecule of 
chlorine at atmospheric pressure with 2 equivalents of 
metallic silver to form two molecules of solid silver chloride, 
according to the equation CI3 -f 2Ag = 2AgCl. 

This reaction proceeds reversibly, and therefore yields the 
maximum work, in a galvanic element of the type 


( 


Ag 


saturated solution of AgCl 


Pt charged with CI3 at 
aflnospherio pressure. 


When the element is in action, Ag goes into solution as 
Ag’-ions at one electrode and Glj as Cl'-ions at the other, 
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solid AgCl is formed. If E denotes the E.M.F. of tho ele¬ 
ment, then by the solution of 1 molecule of Clg and 2 equi¬ 
valents of Ag the electrical energy 

i4 = 2E X 96540 joules 


is produced. E can be calculated from the two separate 
electrode potentials, ej between the silver electrode and the 
solution and between the chlorine electrode and the solu¬ 
tion. 

From (i) and ( 3 ) 


RT. [Ag-] 


and 




C*. and are the concentrations of the Ag •- and Cl'-ions 
corresponding to the electrolytic solution pressures of silver 
and of chlorine at atmospheric pressure. The square 
brackets, as usual, denote the concentrations of the ions at 
the electrodes. Since in both oases /i — i, we obtain from ( 7 ) 


IVl' [Ag-] 

il log, ^ 


'^Ag 


RT C,, 

F [Cl'l 


= logJAg-] [Cl] - -^-log. 6\,~ log, Co,2 
BT 


The pi'oduct [Ag*] [O'] is equal to the solubility-product 
Lj of silver chloride, since the solution is saturated with 
Agf^Jl. Therefore 

rr ^ 2 ^, ^ 

Ti ~ log, Lj + fig - fei 2 

and, at 25“, 


E « 0-059 log 2 X 10 " + 0*771 - 1*366 

« 0*059 X - 9-699 - 0 595 « - 1-167 volt. 


The negative sign means that the silver electrode, which 
in tho calculation was taken as positive ( + eX is the negative 
pole. In the calculation of A the sign of iv is of no conse¬ 
quence ; it is only the^absolute value that is required. 

The affinity tf silver to chlorine at atmospheric pressure 

is, therefore^ 
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A « 2 X 1*167 X 96640 ■= 235300 joules 
or, in heat units, 

A =» 2 X 1*167 X 23040 = 53760 calories. 

( 6 ) For the affinity of silver to bromine-vapour at atmo¬ 
spheric pressure we have the corresponding equation 

A ~ 2E X 96540 joules, 

\\herG E is the E.M.F of the galvanic elemen- 

solution saturated with Pt charged with Br-vapour at 
AgBi atmospheric pressure. 

As above 



W ^ 2^1 r 
E « -p- log, - €b ,2 

- 0*059 log 2 X 10 + 0*771 - 0*99 

-- 0*969 volt, 

A = 2 X 0*969 X 96540 = 187100 joules. 
=• 2 X 0*969 X 23040 «= 44640 calories. 


Problem 328. — The solubility of silver chloride in water 
at 25“ C. is S = 1*4 ^ 10 “ ^ giam-inolecules per litre. The 
solubility in ammonia solutions is greater, and is proportional 
to the total concentration of the ammonia. The factor of 


proportionality is & = 0*05. The increased solubility in 
ammonia depends on the formation of a complex ion accord¬ 
ing to the scheme Ag * + nNHj = Ag(NH 3 )„*. How many 
molecules of ammonia take part in the formation of this com¬ 


plex cation, i.e. what is the value of n, and what is the dis- 

FAg *1 [NH ]" 

sooiation-oonstant K ^ ® i of the complex ion ? 

[Ag(Wxlj) „ J 

Solution 328.—In any solution which is saturated with 
silver chloride the product of the concentrations of the ions, 
[Ag'] [Orj, must, for a given temperature, have a definite 
constant value L, which is called the solubility-product of 
silver chloride. In a saturated aqueous solution which con¬ 
tains only silver chloride, [Ag *] - [01'] 5, and, therefore, 

• L «> iS’, if we assume that the dissociution of the dissolved 


salt is complete. The greater solubility of silver chloride in 
solutions of ammonia compared with pure wster is caused hf 
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the formation of a complex cation by the addition of ammonia 
to the Ag *>ions according to the scheme 

Ag'-f Ag(NH3)„-; 

this diminishes the concentration of the silver ions, and, 
therefore, requires an increase in the concentration of the 
chlorine ions, so that the value of the solubility-product may 
be maintained. The application of the law of mass-action to 
the formation of the complex cation leads to the equilibrium- 
equation 

[Ag -1 [NHJ- _ 

[Ag(NH,) „ -J - '"• 

n must, of course, be a whole number. 

The total concentration of silver in the solution, a, is equal 
to the sum of the concentrations of the Ag‘-ions and the 
Ag(NHg)„ • -ions, if we assume that the salts AgOl and the 
Ag(NH»)„Cl are practically completely dissociated. Accord¬ 
ing to the conditions of the problem, the solubility ot AgCl in 
the ammonia solution is 

(2) a - [Ag-] + [Ag(NH,)„-] - t(NHJ 

Here (NHg) denotes the total concentration ol anmionja in 
the solution, and, therefore, 

(3) (NHg) -= [NHg] + [NH,-] -h n lAgCNHg),, •], 

since the total ammonia in the solution''is equal to the sum 
of the undissociated ammonia, the ammonium ions and the 
ammonia in the complex ion. From (2) we therefore obtain 

(4) [Ag-] + [AglNH,},-] - ilNHJ + 4[NH,-] + kn\ Ag(NH,),-]. 

When the concentration of ammonia is sufficiently great, the 
concentrationIjf the silver ions, [Ag-], which is always less 
than 8, that is, less than 1-25 x 10 ’ may be neglected in 
comparison with the total conlentration oi silver a. Under 
these oiroumstanoes we obtain from (2) 

a = [Ag(NH3)„-], 

and hence from (4) 

a «= ^[NHg] + fc[NH4 *] + kna, 
a(l - kn) - ^{[NHg] -h [NH^-J} 



and 


j-^[[NHJ + [NH.-]}. 
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By dividing the equation 


[Ag-][01']-£ 

by equation (1) written in the form 

[^J [NH,]“^ 


we obtain 



a[Cl'l _ L 
[NfIJ“ ” K 


Every moleoule of AgCl which dissolves produces one 
Ag(NH,)„*-ion and one Gl'-ion The concentrations of these 
ions are, therefoie, ( qiial and [Cr] « a, and (6) becomes 


(«) -[jINH.l”, 


and, therefore, 

(7) « = [NIIJ’. 

When equations (5) and (7) are compared, it is evident, 
since 

tantrations of ammonia the two equations can be simultane¬ 
ously satisfied only {!) if the concentration of the ammonium 
ions, [NH4 •], is negligible coiripared with the concentration 
of the undissooiated ammonia molecules, [NH 3 ], a condition 
which is satisfied m the case of weak bases like ammonia, 
and (^) if n = 2. From (5) and (7) we then obtain 


~ kn 


and 


V 


K 


are constants, that for different con- 


k IL 

i - 24 ” V r 

and 

„ L{l-2ky (1*4)*^ X 10-i» X (0-9y- 
» 5*4 X 10"*. 

A The silver-ammonia complex ion ha*", therefore, the com¬ 
position Ag(NH3)j{ *, and its dissociation-consteint at 25" 0, is 
54 X 10 “ * 
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Problem 329 (of. preceding problem),—What are the 
B.M.F.’s, and of the cells 


and 


Ag/c N-AgNO,/c' N-KOl, AgCl/Ag 


Ag 


c N-AgNO. 
C N-NH, 


c' N-KCl, AgCl 


Ag 


if c =* 0*01, c' = 1 and 0=1? 

Solution 329.—According to Nernst’s foimula (equation 
(6)) the E.M.T\ of a concentration cell is 


TP RT. 




if the diffusion-potential at the point of contact of the two 
electrolytes, fn which the electrodes are placed, is neglected. 
ji is the valency of the cation, [Me']^ and [Me ]„ the concentra¬ 
tions of the cation at the two electrodes. The cells described 
in the problem are to be regarded as concentration cells with 
respect to the Ag • cation, and, since w == 1 in this case, the 
formula becomes 


3 


E = log. 


[Ag'li, 

[Ag'L’ 


The concentrations of the silver ions, TAg •], in the various 
solutions may be calculated as follows. 

In the c N-AgNOj solution the silWr ion concentration, 
fAg % is approximately eqflal to the total concentration, 
since the salt may be regarded as practically completely 
dissociated, 

[Ag ’ll *= c. 

In c' N-KCl solution, which is saturated with AgCl, the 
product of tAe silver ion concentration, [Ag -Jg, and the 
chlorine ion concentration, [Cl'], must be equal to L, the 
solubility-product of AgOl (cf.^problem 328). If the KOI is 
regarded as completely dissociated, [Cl'] c'. We obtain, 

th«pefore, 

[Ag -I [01'] - L, 



and, for the E.M.F. the first cell at 26“ C., 

El “* *p“ 


a 
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« 0*059 log 


0*01 

2 X 10 - 


0*454 volt. 


The concentration of the silver ions, [Ag*], in the C 
N-ammonia solution follows from the equation (cf. problem 
328) 


^ '' [AgNHj;-J 


= K. 


Since K has a relatively small value (5*4 x 10 ” *), the 
complex-formation between the siher ions and the excess of 
ammonia may be regarded as practically complete, i.e. 
practically the whole of the silver in the solution is present 
as the complex ion Ag(NH3)./, 


.*. [Ag(NH3>/] = c. 


The concentration of the free ammonia is, therefore, 


[NH3] = G- 2c, 


and, from equation (1), the concentration of the silver ions is 


[Ag •] = 


Kg 

(C - 2c)-*’ 


oFor Eg, the E.M.R of the second cell, we therefore obtain 


E2 


BT, Kc ' d 
P" L’ 


0-059 log 


5*4 X JO - 8_x £01 x j. 
(D'98)2" x'2 X 10 - i'* 


0 059 log 2*8 


-» 0*0264 volt. 

The addition of (7 = 1 N-ammonia to the 0*01 N-AgNO^ 
solution has, therefore, dimi]pished the E.M.F. by 0*454 - 
0*0264 = 0*428 volt. The sign of the B.M.F., however, re¬ 
mains unchanged. 

Problem 330.—The E.M.F. of the hydrogen-oxygen cell 
at 26” is Ej «=> 1*23 volt, and the E.M.F. of the cell 

Ag/saturated solution of Ag20/n2 

is Eg *• 1*18 volt. What is the affinity of silver to oxvgen 
under atmospheric pressure (a) at 26” o-nd (6) at 36®,-if the 
molecular heat of formation of Ag20 is Q » 6400 oals. ? 

Solution 330.— (a) The E.M.F. E of any galvanic element 
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whidh works reversilily is a measure of the affinity A of the 
reaction which produces the current; for 

A = 7iE X 96540 volt-coulombs, 

if n denotes the number of equivalents of ions which enter, or 
are deposited from, the solution during the transformation of 
the quantities of the reacting substances given by the equation 
representing the cell-reaction. The E.M.F. of the hydrogen- 
oxygen cell 

H^/any aqueous solution/Oo 
is, therefore, a measure of the affinity of the reaction 

(1) 2H, + 0,^ 2H.,0, 
and the of the cell 

Ho/saturated solution of Ag^.O/Ag 
is a measure of the aJhnity of the T-eaction 

(2) H, + Ag,0 H,0 + 2Ag. 

By multiplying (2) by 2 and subtracting from (1) we obtain 

(3) 0, + 4Ag = 2Ag,0, 
or, for the aflinities, 

A.J - Ai - 2A,^. 

Now 

AI — X 96540 v»l fc-coulombs, 

and A .^ = 2 E ,^ x 96540 volt-coulombs, 

A^ = 4(Ej - 96540 volt-coulombs, 

= 0‘20 X 96540 volt-couloml)s, 

= J[)’20 X 23040 = 4608 calories at 25° C. 


{b) To calculate the affinity at 35° C. we use Helmholtz's 
equation (13) • 


A - g + T 


dA 

dT 


or 


dA _ A ~ Q 
dT ~ ~T 


Q, the heat of formation of 2 molecules of AggO, is 12800 
calories, therefore 


dA\ 4608 - 12800 
“ 5}98 


27*5 calories per degree. 


By raising thef temperature 1® C. the affinity is diminished 
by 27'5 oals«, and, therefore, for a rise of 10° 0. by 275 cals., 
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if the temperature-coefficient is assumed /o be constant k the 
‘ small interval between 25° and 35°. The affinity of silver to 
oxygen at 36° is, therefore, 

4608 - 276 =* 4333 cals. 

Problem 331.—The potential of a mercury electrode in 
a c = 1 N-KCl solution which is saturated with calomel is 
€ 4- 0-283 volt, and the solubility-product of calomel, 

Ilg.Ola, is L = [Hg,- •] [Cl']2 == 3'5 x 10 When a 
c' = 0 001 mol. N-FeClg solution is shaken with solid calomel 
and metallic mercury, reduction of the ferric chloride pro¬ 
ceeds until the ratio of ferric to ferrous ions in the solution 
becomes [Fe • • •]/[Fe • ■] == a;. What is the value of x, if the 
normal oxidation-potential of a ferric-ferrous ion electrode is 
e„ = 0-743 volt? 

SoiiUTtON 331.—Let the ratio of ferric to ferrous ions in 
the solution at equilibrium be x. Then the oxidation-potential 
of the solution is, from (lo), 

ET 

€ = -H jp log. X volt, 

since w « 1. 


,.The mercury potential in the solution at equilibrium must 
have the same value, .therefore 


( 1 ) 


BT BT 

«• + ;plog.a; = 4+ ^log.y, 


where denotes the normal potential of mercury against 
mercurous ions, and y the concentration of the divalent 
(w = 2) mercurous ions, [Hgj ‘ *], in the solution at equili¬ 
brium. 

In equation (1) e., x and y are unknown, and therefore 
two further equations are neceWary to enable us to calculate 
them. From the potential of the normal calomel electr^dn 
cj we can obtain since 

, BT, ^ , BT, L 

(2) « €, + ■^log.[Hg3' ']»€.+ “ *• 

BT, L 

if the potassium chloride is regarded as £bmpletely dii* 
sooiated. 
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y may be oalculeled from the extent to which the ferric 
chloride solution is reduced. The reduction takes place ac-' 
cording to the equation 

2 Fe--- + 2Hg * 2Fe" + Hgj--, 
or 2F8GI3 + 2Hg = 2FeCl, + Ugfil,, 

For every 2 molecules of FeClg reduced, 1 molecule of 
ng,oi, is formed, and, since Hg2Cl.> is practically insoluble, 
it is depositefl, and 2Cl'-ions disappear from the solution. 

Now [Fe • • •] + [Fe ■ *] = c', the total concentration of iron 
in the solution, 

[Fe • • •! c' 

[Te.'•] "" e [Fe • *] - 

In the original ferric chloride solution there wore dCl'-ions 
for every Fe ■ ■ ‘-ion; the concentration of the Ol'-ions was, 
therefore, 3c'. In the solution at equilibrium, for every Fe • • ■- 
ion which has been reduced, or for every ]^’e • ’-ion which has 
been formed, ICl'-ion has disappeared from the solution. In 
the solution at equilibrium there remain, therefore, 

„ , c 2c + 3a'C . 

do - ^'— Cl-ions. 

Since the solution is saturated with Hg^Clj, the equatioif 

|Hg2-j [Cir-L 
must hold, and, therefore, 

r-cT 1 L _ L{\ + ,r)‘ 

(3) [Hg2 }-y - ^ 

If in equatibn (I) we substitute the value of obtained in 
equation (2) and the value of y obtained in equation (3), wo 
obtain L 

BT, BT, L BT, L{1 + x)^ 

f + y log. » = €, - ^log, jr, + -^.log. ((,7(2' + '35p’ 

or, collecting the lo^rithmic terms on one side and dividing 
throughout by BT/F^ 


log.® - log. _ 




BT/F 


a » 


s/L{l + x)c t, - Cl 

'My?' 
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0 I + .r 
c' ^ a;(2 + 3a;) 


.oj 
e nr /■' 


(*) 


1 + a; '-£z5> c 
- - - - == e RTF X 
x(2 + 3a;) c 


6 = 2‘718 is the base of the natural logarithms. The 
right-hand side of equation (4) contains only known quanti¬ 
ties. If, for brevity, we call its value A, wo obtain from (4) 


1 + ic = x(2 + 3a')4 - 2Ax + "iAx^ 


. 2-4 - 1 1 

"34 ‘^”■34’ 


X ~ - 


2 A -J_ 
"64 


- V("; i 


The value of A is obtained from the equation 

.o-M r' 

A = e 'i(i f X — (2'718) o^ob5 x -— 

0 1 


- (2*718)18 X 10-3 
= 6'56 X 10^ 


fjincG A is very large, x must, according to equation (4)_» 
bo very small. If in this equation we neglect the term in x^ 
as small compared with x, we obtain approximately 



The reduction of the ferric chloride to fenous chloride is, 
therefore, piactically complete. 

Problem 332. — With potasf^uim iodide mercuric ions form 
the complex ion Hgl/. The dissociation-constant of the 

rri* 

= 5 X 10-31. In preseAce 

i J 

of metallic mercury equilibrium between mercurous and 

fHe • *1 

mercuric ions is reached when . - j = JT, = 120. (1) How 

[Hg--J 

many grams of mercurous iodide dissolve on shaking solid 
mercurous iodide with a litre of c = l' N-pt^assiusn iodide 
solution, if the solubility of Hg 2 T 2 is a = 3*1 x lO"!*! gram- 
molecule per litre? (J^) What is the concentration of a KI 


complex ion is S' = 


[Hgl 
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solution which dislolves equal weights (in gi'ams) ot Hg in 
fcho form of inercurous and mercuric salts? 

Solution 332.— (J) In any solution which is saturatecT 
with mercurous iodide the equation 

fHg, • •] [vy = L 

must be satisfied, where L is the solubility-pj-oduct of Hgglg. 
In a pure saturated aqueous solution of Hggly, in which the 
salt may be j*egardcfl as completely dissociated, 

[Hg,‘ •] = a, and [1'] = 2<x, 

(1) LHg;--iriT= =^L. 

Mercurous ions react in presence of metallic mercury accord-' 
iiig to the equation Ilgj* * = Hg + Ilg • •, until equilibrium is 
reached wh^n 


(2) M 


If the solution contains potassium iodide, the potassium iodide 
reacts with tlie mercuric ions to form the complex ion Ilgl^", 
according to the equation 

Hg • • + 4T' = HgV'. 


The equilibrium equation for this reaction is, therefore. 


(3) 




In the case of the potassium iodide solution which is satu¬ 
rated with mercurous iodide, equations (1), (2) and (3) must 
he simultaneously satisfied. In these equations [Hga* ’], 
[Ilg * •], jHgl^"] and [i'J are unknown. An additional equa¬ 
tion is, thertifore, required for their solution. This is obtained 
as follows from the initial concentration of KI, which is 
known. If the concentratioi of the undissociated molecules 
is neglected, i.e, if all the salts are regarded as completely 
dissociated, the total iodine in the solution is equal to the 
sum of the iodine present as T- and Hgl^'-ions. Of the four 
iodine atoms contained in Hgl 4 ", only two are derived from 
the dissolved Hg 2 l 2 , and the other two from the KI originally* 
present. The concentration of the free iodine ions is, there¬ 
fore, 

(4) [I] - c - aiHgl,"]. 


By dividing (1) by (2) we obtain 
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(5) [Hg • •] [I-]^ = j 
and from (3) and (5) 

(6) [I'T' - A:[HgI,''], 
From (6) and (4) we obtain 


(7) [HgV] = JIT = 

(7) is a quadratic equation containing only one unknown 
quantity [F], which may, therefore, be calculated 


(8) [I'] - - 


^ IK^K,^ KK,c 

IL V 21'' ■ 


According to (7) 




c - [J'j 
~ 2 ~-- 


If X grams of mercurous iodide dissolve, and if M is the 


molecular weight of Hg 2 T 2 , theie are formed 


M 


eijuivalents of 


Hgl 4 ", if the concentrations of the Hg^- ■- and Ilg • • -ions in 
the^ concentrated potassium iodide solution are neglected. 
From (7) we therefore^ obtain 


(9) a- = 


Me - ilf [F] 
4 


grams. 


Substituting the numerical values in (8) we obtain 

^ “ 4'x 4 X (3 i X 10~^y 

I (5^ 10”^^ X 126)27 ^“Fio~"^'x’®">ri 
V16 X 16' X {3*1 X 10 - I'T 2 X 4 X (3-1 x'lO - 

« - 0-126 + n/(0126)^ + 0-252 
= 0-392, 

«iid from (9) 

» = - 0-392) ^ 

4 

(2) The ratio of mercurous to mercuric ii^as is always 
Ki « 120. [Hg • •], may, therefore, be neglected in qompari- 
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son ^ith [Hga* *], atfi the whole of the mercurio mercury may 
be regarded as contained in the complex ion. If, therefore; 
equal weights of mercury dissolve in the mercuric and mer¬ 
curous forms, the weight of mercury in the merouiic complex 
Hgl 4 " must be equal to that in the mercurous ionS| or 

(10) [Hgi;'] = ^[Hg,- •]. 

From (3) and (10) 

• [Hg'-][IT-iiC[Hg,--], 

and from this equation and ( 2 ) 

[I? = _ 

. ■'//f/f, */6 X i0“»i X 120 ,n_, 

■■ ““ VT “ V-2-- 740 X 10| *. 


From (10) and (1) we obtain 


[Hg,- •] = 2 LHgl^'j 


^ 4 X (3-L)* X 10 “30 

irj“ (7-10)“ X10 lb 


= 2-18 X 10 IS 


and from (4) 

c = |r] + 2 [Hgl 4 ''] = 7'40 X 10 - + 2-18 X 10 * i* 

= 7’40 X 10 “ ® N. 

fn all potassium iodide solutions of measurable concentration, 
therefore, the mercurous iodide dissolves chiefly as complex 
mercurio salt. 

Pboblem 333.—The normal potential of a copper electrode 
against cupric ions is «, = + 0*329 volt, the constant for the 
eqifllibrium between cupric and cuprous ions in presence of 
metallic coppdr is [Cu ’p/[Cu • •] = X" = 0*6 x 10 ~ 3 and the 
solubilities of cuprous chloride and bromide are a = 1*1 x 
10 “ 3 and h =» 2*04 x 10" * g|'am-molecuIes per litre respec¬ 
tively. What is the potential of a copper electrode (Z) in a 
c 6*1 N - HOI solution which is saturated with cuprous 
chloride, and {2) in a c « 0*1 N - HBr solution which is 
saturated with cuprous bromide ? (S) What is the normal 

potential of a copper electrode against cuprous ions ? ^ 

Solution 333.—(i) and (2). In the solution which is sat¬ 
urated with CuOl, and which at the same time is in equi¬ 
librium with metalHb copper, let the concentrations of tftie 
cupric (Cu ‘ •) and cuprous (Gu •) ions be x and a*' respectively, 
and in tha corresponding CuBr solution let the concentrations 
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of the cupric and cuprous ions be y and y 'espectivoly. Then 
,the potential of a coppor electrode, rdgamed as a cupric 
electrode, against the CuCl solution is 

/IN 

(1) = ‘0 + log.*. 

and against the CuBr solution 

(2) cj = €(, + log* y. ^ 

x and y may be determined from the following considora- 
* tions :— 

1. The cupric and cuprous ions are in equilibrium with one 
another and with metallic copper according to the equation 

Cu ■ • + Cu =» 2Cu •, 
therefore, 

( 3 ) {xy ■■= Kx 

and 

(4) {yy = Ky. 

2. The solutions are saturated with CuCl and CuBr re¬ 
spectively, therefore [Cu •] [Cl'] = and [Cu ■] [Br'j = 
where and are the solubility-products of CuCl and 
CqBr. Li and L.^ are equal to the squares of the solubilities 
of CuCl and CuBr in water, if the salts are regarded as 
completely dissociated. According to the law of electro- 
neutrality 

[Cl'] =c + [Cu •] + 2[Cu • •] = c + a*' + 2a: 
and 

[Br'] = c -h [Cu •] + 2[Cu • ‘] = c + 2 /' + 2y, 
therefore, 

(5) x{c + X + 2x) = = Lj, 

and t 

(6) y\c + y' + 22/) = 6'^ = L,. 

Equations (3) to (6) are sufficient for the evaluation of'^.r, 
V, x' and y'. 

From (3) x = and from (4) y = Butting these 

Jx K 

va]ues of x and y into equations (5) and (6) we obtain 
(7) +x’ + 
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(8) 1/(0 + y' + = b\ 


Since, according to the oonditiong of the problem, x is less 

2fr'V“ 

than a and a U very small, x + may bo neglected in 

K 

2(v') * 

comparison with c. Similarly if f- be neglected 

in comparison with c. 

h’rom (7) and (8) we tliorefore obtain 

X ~ and u - , 

0 ' 0 

and lienee from (3) and (1) 


c^K' 

Putting these values of x and \j into equations (1) and (2) we 
obtain 


. UT. . HTy 


c>Jt 


b^ 


. jbj. , 1/ , RT] b^ 

‘iF I? ^‘c7^' 

and, substituting the numerical values, 

C, =. 0'329 + 0-059 log 
‘ ®0-l^/0-G X 10 ^ 

= 0-329 + 0 059 X - 3-31 

= o’i34 volt. 

€, = 0-329 + O-OsSlog JL 

“ ® 0-1 70-6 X 10 -» 

= 0-329 + 0-059 X - 1-77 

= 0’047 volt. 

(5.) The normal potential, e'o, of copper against a solution 
of cuprous ions is obtained as follows: the potential of a 
copper electrode agjiinst an x' N-solution of cuprous ions i^ 

= 'o + p 


c^sJk' 
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In the solution saturated with cuprous cimride Cj - + (^134 

volt and a;' = —, therefore, 
c 


f 



flog,.' 



= 0134 + 0 059 X 4-92 

« 0*424 volt. 

Prob],em 334. — The potential between the terminals of a 
lead accumulator, which is filled with 100 o.o. of molecular 
N-H2SO4, is E = 1-88 volt at 25'". The normal potential 
of lead is cq = ~ 0T2 volt, the normal oxidation-potential 
of a plumbic-plumbous ion electrode is = -f- 1'80 volt, 
and the solubility of lead sulphate is a = T26 x iO " ‘ gram- 
molecule per litre. What is the concentration of plumbic 
ions at the lead peroxide electrode {/) when the accumu¬ 
lator is on open circuit, (4?) after a discharge of 1 ampere- 
hoipr ? (.?y) What is the potential between the terminals of 
the accumulator after irhis discharge V 

Solution 334. —{/) The chesnical process which takes 
place during the discharge of the accumulator is 

(1) Pb 2PbO, + 2H,S04 = 2PbS04 + 2H2O , 
or, written in ionic form, 

(2) Pb + Pb • • • * = 2Pb • *. 

fioad peroxide, or rather its hydroxide, can be regarded as 
the hydroxide of tetravalent lead. In presence of lead per¬ 
oxide as solid phase, and therefore at the positive electrode of 
the accumulator, the concentration of the tetravalent lead 
ions, [Pb ••*•], will be determined by the solubility of lead 
peroxide. 

We may regard reaction (2) as made up of two reactions, 
one, 

, Pb ^ Pb * *, 

looaUsed at the negative electrode, and th€ other, 

Pb — Pb • *, 

localised at the positive electrode. The potential difference 
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between the two el^trodes must be equal to the difference of 
the single potential differences between the separate eleo; 
trodes and the solution, therefore, from (5) and (10), 


= ‘. H- log. [Pb • •] - - I? log. . 


(3) 


2i< 

ET 

F 


[Pb • •] 


log. [Pb • -1 - e', 


^ log.[Pb ■•••]. 


The lead pejjpxide electrode is here regarded as an oxidation 
electrode. E, c,) and € ^ are given ; the required concentra¬ 
tion of plumbic ions, [Pb-], may, therefore, be determined, 

1' [Pb;. •] can be calculated. This can be done from the given 
solubility, a, of lead sulphate, with which the solution is 
saturated. , In a saturated pure aqueous solution of lead 
sulphate, [Pb * •] [SO^"] = L = if we assume that the 
dissociation is complete.* 

In molecular N-H^SO^ the concentration of the SO^'- 
ions would be [SO4"] ~ 1, if the dissociation of the acid were 
complete; if the degree of dissociation is assumed to be 

approximately 50 per cent., [SO/'] == 0 5 and [Pb - ■] = 

U'O 


Thfreforo, from (3), 

= en - € n 


-t -p log, 


'o« 


0-5 


and, changing to common logarithms, 


log [Pb ■ • • •] 


2to - ^'0) 
2'^BTlF 


2'Jog 


0-5 


2^ _ 

^'WTjF 


X 1-92 
0-059 * 


-f 2 log 3*17 X 10 * ® + 


2 X 1;88 

0-069 ‘ 


The sign of E in the above equation must be taken as 
negative, because, according t|> (3), E is the potential differ¬ 
ence between the load electrode and the lead peroxide electrode, 
ailfl as the lead electrode is the negative pole, E = ~ 1-88. 

log[Pb---] - -2x7-6- - 16-36 

U-U09 

[Pb • ‘ =0 4*5 X 10 “ gram-ion per litre. 

(^) During the di|charge the concentration of the sulphide 
acid dinSinmra, anR, according to reaction (1), to such an 


* This asiunaptlon li, however, only approximately eorreot. 
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extent that for every equivalent of leaj^ which goes kito 
^^lution at the negative electrode one rnoleoule of 
is deposited as PbS04. By a discharge of one ampere-hour, 

therefore, = 0-037 molecules of H^S04 are so deposited 

and removed from the solution. The 100 o.c. of molecular 
N-H2SO4, which originally contained O'l molecule H2SO4, 
contain after the discharge only OT - 0-037 = 0-063 mole¬ 
cules. The concentration of the H^S04 is, therefore, only 
0-63 molecular normal after the discharge. If we assume 
that the degree of dissociation of this acid is, approximately, 
*60 per cent., the concentration of the S04"-ions is 

[SO4"] = 0-63 X 0-6 = 0-38, 


and the concentration of the Pb • --ions [Pb • -] 


b“3 8 ‘ 


The concentration of the Pb - • - --ions also changes during 
the discharge with the change in concentration of the acid. 

In the solution, which is saturated with lead peroxide, the 
equation 

[Pb - - - -lonj = L, 

must always be satisfied, where Lj denotes the solubility- 
product of plumbic hydroxide, and, since [H-][OH'] - K^, we 
obtain ^ 



•] 


[OHT 






In two solutions, which we may distinguish by the suffixes 
1 and 2, we have, therefore. 


[Pb'---], 

[Pb--"], [H-y 


Before the discharge the H'-iifa concentration of the HjSO, 
is [H-], = 2x0 -5 = 1, if we assume the dissociation to tal^ 
place only according to the equation H28O4 = 2H- + SO4 ; 
after the discharge it is [H-]2 = 2 x 0'38 = 0*76. Therefore 


[Pb""L= [Pb----], X 


«^,4*6 X 10*” X 0-33 =» 1*5 X 10 *” gram-ion pqr litre. 

(5) The E.M.P. of the accumulator after the discharge 
follows from the equation (of. (3)) 
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B = + ^|’log.[Pb log, [Pb ■ -J 

l-80 + 0'l2 h0-0295log 1-5X lO'*"- 0-059log— 

0‘3B 


= 1-92 - 0-49G + 0*436 
= i%6 volt. 


E.M.F.—Problems for Solution 

Problem 335.—The equivalent conductivity at 18“ of a 
0*02 equivaifent N-ZUCI2 solution is 94 1.0., and the equiva¬ 
lent conductivity of ZiiGl^ at infinite dilution is 112 r.o. The 
normal potential of Zii (referred to the N-H* electrode as 
;iero) is - 0*770 volt. What is the potential of Zu against 
a 0*02 equivalent N-ZnCl.^ solution at 18“? 

Ans. - 0*830 volt. 

Problem 336.—At 25“ the E.M.F. of the cell 

Zn/0*5 mol. N-ZnS04/0*05 mol. N-ZnS04/Zn 

IS 0*018 volt. Neglecting the diffusion-potential at the juiac- 
iion of the electrolytes, and assuming“^the dilute solution to 
be 35 per cent, dissociated, cfflculate the degree of dissociation 
of the concentrated solution. 

Ana. 0*142. 

f^ROBLBM 337.—The E.M.F. of the cell 

Ag/0*1 N-AgNOj/saturated NH4N03/0*01 N-AgNOg/Ag 

is 0*0556 volt at 25“. At 25“ the specific conductivity of 
0*1 N-AgNOg is 109*3 x 10*^ r.o., and of 0*01 N-AgNO^ 
1^53 X 10 * * r.o. On the assumption that the conductivity 
is a true measure of the ionic concentration, calculate the 
E.M.F. of the Ag concentration-cell given above, and com¬ 
pare with the value found. 

Ans. Calculated value =» 0‘0566 volt. 

PBOBiiEM 338.—ffhe E.M.F. of a Daniell cell in which ^he 
Cu * •- and Ztf * '-ion concentrations are equal is 1*1 volt at 
18°. What is the E.M.F. at 18“ of a Daniel! cell in which 
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the Cu -ion oonoentration is 0*0005 an(^ the Zn * ’-ion con¬ 
centration is 0*5 gram-ion per litre ? fj 

Ans. 1*013 volt. 

Problem 339. —At 25* the E.M.F. of the cell 


Pb 


0.01 mol. N-Pb(N03)2 


saturated 

NH.NOa 


N-calomel 
electrode 


is 


- 0*469 volt, and that of the cell 


Pb 


0-01 mol. N-Pb(C103)^ 


saturated 

NH4NO3 


C I 

N-oalomel 

electrode 


‘ is - 0*463 volt. The NH4NO3 solution eliminates the dif¬ 
fusion-potentials. If the Pb(C103).j assumed to be com¬ 
pletely dissociated, what is the degree of dissocLtiou of the 
PbCNOg), ? 

Ans. 62 1 per cent. 


Problem 340.—The E.M.F. of the cell 


Pb 


0*01 mol. N-Pb(NO,)^ 


saturated 

NJI,NO, 


N-calomel 

electrode 


is - 0*469 volt at 25*. The Pb(N03).2 is 62 per cent, dissoci¬ 
ated. What is the normal potential of Pb referred to the 
N-calomel electrode as zero ? 

I 

A'ns. - 0*405 volt. 

Problem 341.—At 25° the E.M.F. of the cell 


Ag 


01 N-AgNOj 


Ag 


0*1 N-calomel electi'Ude 


0*1 N-calomel 
electrode 


saturated 
NH.NO^ 

0*396 volt, and that of the cell 

saturated solution saturated 
of Ag(C2H302) NH.NOs 

is 0*383 volt. 0*1 N-AgNOg is 82 per cent, dissociated. 
Calculate (a) the Ag*-ion concentration in the saturatSd 
solution of silver acetate and (b) the degree of dissociation of 
the saturated solution, given that the solubility of the silver 
''Ecetate at 25* is 0*0664 gram-molecule per litre. 

Ans. (a) 0*04938 gram-ion per litre, (5) 0*7435. 

Problem 342.—The E.M.F. of the cell 


Ag/AgCNS in 0*1 N-KONS/AgBr in 0*1 N-KBr/Ag 
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is Ck015 volt at 25*4 The solubility of AgBr in pure aqueous 
solution is 7’2 x 1C|' gram-moleoule per litre. Neglecting^ 
the diffusion-potential and assuming that all the salts are 
completely dissociated, calculate (a) the solubility-product 
and (b) the solubility of AgCNS at 25*. 

Ans. {a) 0'93 x 10 (b) 0 96 x lO*'* gram-molecule 

per litre. 

PROBiiEiv^343.—The E.M.F. of the cell 


0-0]^oh’*N-K,C,Oi N-AgNOg | Ag 


is ~ 0'198 volt at 25”. Neglecting the diffusion-potential, 
and taking the O’l N-AgNO^ as 83 per cent, dissociated 
and the 0'l5l N-K.^C.j04 as completely dissociated, calculate 
(a) the solubility-product and (5) the solubility of silver 
oxalate. 


Ans. (a) 1*3 x 10~’^, [h) 1*48 x 10'^ gram-molecule 

per litre. 


Problem 344.— What is the E.M.F. at 25 of the cell 


n.,/0'5 N-HCl/01 N-NaOH/H. 

if the Hg at each elect)*odo is under atmospheric pressure 
and if the diffusion-potential is neglected? The degree of 
dissociation of 0*5 N-IICl ,= 0'87, of 0*1 N-NaOH =■ 0’9 
and the ionic-product of water is ]*2 x 10-^*. 

Ans. 0*738 volt. 

Problem 345.- What is the E.M.F. at 25* of the cell 

I^/O’o N-formic acid/1 N-acetic acid/Il^ 

if the diffusion-potential is neglected? The dissociation- 
constant of formic acid is 127 x lO"*"* and of acetic acid 

1-8 X 10 -* 

Ans. 0*0451 volt. 

Problem 346.— The E.M.F. of the cell 


Ag 


AgCl in 
0-1 N-KCl 


saturated 

NH4NO3 


0*1 N-AgNOa 



is - 0'|60 volt at*26*. 0*1 N-KGl is 85 per cent, disqpoi- 
ated and O’l N-AgNOj 82 per cent. Calculate {a) the 
solubility-product and (5) the solubility of AgCf. 

12 
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Ana. (a) 165 x 10 ~ (5) 1’28 x 101 ^ gram-molecufe 

per litre. ^ 

Problem 347.— The E.M.F. of the cell 

Cu/CuSO^ + lOOH^O/ZnRO^ + lOOHjO/Zn 

is J’0960 volt at O'’ C. and 1'0961 volt at S^C. What is the 
heat of the reaction taking place in the cell ? 

Ans. 63390 cals. 

Problem 348.—The E.M.F. of the combination 

Cl^/molten PbCL,/Pb 
is given by the formula 

E = 1-263 - [0*000679 {t - 498)J volip, 

where t is the temperature C. Calculate the heat of formation 
of lead chloride at 498° C. 

Ans. 82500 cals. 

Problem 349.—At 18’ the potential of a Cu electrode 
against a 0*005 mol. N-Cu(N03)2 solution is 0*266 volt, 
referred to the N-H* electrode as zero. Assuming that the 
Cu(N 03)2 solution is completely dissociated, calculate the 
normal potential of Cu against Cu * ’-ions. 

Ans. 0*333 volt. 

Problem 350.—The normal potential of Zn referred to the 
N-H* electrode as zero is - 0*770 volt and of Cu 0*329 
volt. When excess of Zn is added to a solution of (/uSO^ 
the Zn displaces the Cu till equilibrium is reached. What 
is the ratio of the concentration of the Zn * *- to the Cu * --ions 
at equilibrium? (At equilibrium the potentials of the Zn 
and Cu against the solution are equal.) 

Ans. [Zn * ■J/[Cu -ft] = 7*94 x lO^^. 

Problem 351.—The normal potential of Ag referred to tfee 
N-oalomel electrode as zero is 0*488 volt at 18°. Taking the 
absolute potential of the calomel electrode as 0*56 volt (Hg 
frositive), calculate the electrolytic solution pressure of Ag in 
atmospheres. 

Ans. 2*04 X 10 

Problem 352.—When metallic copper is &haken with a 
solution of a cupric salt in absence of air at 20°, the reaction 
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Cu Gu ’' = 2 Cu«' proceeds till equilibrium is established. 
The concentrations ')f the Cu * *- and Cu --ions are then such* 
that [Cu - ’]/[Cu 'Y — 2-02 x 10^. If the normal potential of 
Cu against Cu * '-ions is 0-329 volt (hydrogen standard), what 
is the normal potential of Cu against Cu --ions ? 

Ans. 0’454 volt. 


Pboblem 353. —When CuCl is dissolved in KCl solutions 
a complex s^t of the formula (KCl)„*(CuCl),„ is formed, whiolf 
dissociates giving the ions K • and Cu„.Gru, , jTwo very 
dilute solutions of CuCl in 0*1 N-KCl were prepared, the 
one containing 4 times as much CuCl as the other. The 
E.M.F. of the cell 


dilute solution of cone, solution of 
CuCl in KCl CuCl in KCl 


Cu 


was 0‘0351 volt at 18“. On the assumption that piactically 
the whole of the dissolved CuCl is present as complex salt, 
and that, on account of the very largo excess of KCl over 
CuCl, the Cl'-ion concentration in the two solutions is the 
same, and that the dissociation of the KCl and of the com 
plex salt is complete, calculate the value of m. 


Ans. 0*995 1, as it must be a whole number). 

ProbijEm 354 (of. preceding problem).—Two solutiont^ of 
KCl, one 0-21 N and the other 01 N, and each containing 
0*0002 gram-molecule CuCl per litre, were prepared. The 
E.M.F. of the cell 

Cu/dilute KCl solution/conc. KCl solution/Cu 

was 0-0374 volt at 18“. Taking the value of m found above 
and on the asi^umptions made in the preceding problem, cal¬ 
culate the value of n. 


Ans. ELll-E|=a 2, .*. n — 1. 
m 


Problem 355.—What is the total E.M.F at 18“ of the cel 
Ha/O-l N-HCl/0-001 N-HCl/Hj 

if the Eg at each electrode is at atmospheric pressurd*? 
The 0*i N-HCl is 92 per cent, dissociated and the 0*001 
N-HCl is completely dissociated. The ionic conductivity 
of H- is ^18 an4 oiCl' 65-4. 

Ans. 0*039 volt. 
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Pbobl£M 356.—A saturated solution «of A^O^ conlfains 
0 0265 gram-molecule per litre at 25*. (The B.M.F. of the 
cell 



AgNOg solution containing 
0'0224 pram-ion Ag ■ per litre 


saturated solution 
of AgNO.^ 



is O’Oll volt at 25°. Calculate (a) the solubility - product 
of AgNOj, (b) the degree of dissociation of the saturated 
Solution. « 


Ans. (a) 2-13 x 10-^ (b) 0'55i. 

Problem 357.—When AgNO.^ is dissolved in KNCX solu¬ 
tions the complex auion Ag„,(NO'jj)u is formed. The E.M.F. 
at 25" of the cell 



0-584 N-KNO.^ 
0-05 N-AgNO, 


is 0*0170 volt, and of the cell 


0*584 N-KNO, 
0-025 N-AgNO, 


Ag 


Ag 


0*379 N-KNOa 
0*025 N-AgNO., 


0*219 N-KNOa 
0*025 N-AgNOg 


Ag 


is - 0 0295 volt. Assuming that practically the whole of 
the dissolved AgNO., exists as complex ion, and that the 
N0'2-ion concentrations are proportional to the KNO^ con- 
ceilcrations, calculate the values of m and n and hence the 
formula of the complex ion. , 


Ans. m = 104(.‘. 1), 5: 2*1, .*. n = 2 and formula of com- 

m ^ 

plex ion is Ag(N02)2- 

Problem 358.—What is the diffusion-potential at 18“ at 
the junctions 

(а) 0*001 N-H01/P*001 N-KCl and 

(б) 0*001 N-KCl/0 001 N-KOH, 

if all the electrolytes are assumed to hs completely dissoci¬ 
ated? The ionic conductivities of H*, K*, Cl' and OH' are 
li-TS, 64*9, 66*4 and 174 respectively at 18®. 

Ans. (a) 0*0272 volt (HCl negative), (b) 0*0153 volt (KCl 

negative). 

Problem 359 (of. preceding problem).—wnat is the total 
E.M.F. at 18“ of the oeU 
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Hg/O'OOl N-HCl/0’001 N-KCl/0'001 N-KOH/b^ 

if the at each el^trode is under atmospheric pressure and 
all the electrolytes are completely dissociated ? The ionic 
product of water is 1'2 x 10 

Ans. 0'4199 volt. 

Problem 360.—The B.M.F. of the cell 

Cu/N-GuS04/N-ZnS0,/Zn 

is I’l volt at 18°. What is the maximum work (a) in joules, 
(b) in calories obtainable at 18’ by the revei sible displacement 
of Cu by Zu according to the equation 

CuSO^ + Zn = ZnSO, + Cu ? 

Ans. (a) 212300, (h) 60670. 

Problem 361.—The E.M.F. at 25° of the cell 

0-0337 mol. N-TI(N03)3 
Pt 0-0216 mol. N-TlNOj N-H- 
0-42 N-HNO3 

is 1-2008 volt. Taking the potential of TT^/N-H- as zero, 
calculate the normal potential of the thallio-thallous ion elec¬ 
trode. Assume that the concentrations of T1 • • - and T1 --ions 
are proportional to the concentration'^ of the corresponding 
nitrates and neglect the diffusion-potential. The HNO3 is 
added to prevent hydrolysis of the T1(N03)3. 

,1 Ans. 1-195 volt. 

Problem 362 (cf. preceding problem).—What is the ratio 
of [T1 - - •] to,[Tl ‘J at which the potential of a thallic-thalloua 
ion electrode is zero (refeired to the normal hydrogen elec¬ 
trode as standard) ? 

Ans. [T1 - •-]/[l1 ■] =. 61 X 10 


at 

atmos, pr. 



CHAPTER XI 


DIFFUSION—KADIOACTIVITY 


Diffusion 


W HEN a dissolved substance diffuses from i% place of 
higher concentration c to a place of lower concen¬ 
tration c - dc, the amount which diffuses in unit time through 
unit cross-scction is proportional to the concentration-gradient 

do * do * * 

, , and is, therefore, equal to 1) ~, (Pick’s law), where dx is 
dx dx 

the thickness of the diffusion-layer. The factor of propor¬ 
tionality B is called the diffusion-coefficient of the dissolved 
substance. 


' Diffusion—Examples 

Problem 363.—An electrolytic trough contains a small 
rotating platinum cathode and a large platinum anode. The 
electrolyte is sulphuric acid which contains 0-0005 gi’am of 
iodine per c.c. At all potentials between Q'2 and 1*0 ^olt a 
constant current (residual current) of C = 0-001 ampere 
passes through the cell. What is the thickness ^of the layer 
whioh clings by adhesion to the rotating cathode, if the area 
of the cathode surface is ^4 = 0-2 sq. cm. and the diffusion- 
coefficient of iodine is D = 0-6f>m.-^ per day? What is the 
value of the residual current if the sulphuric acid oontai^is 
0*0008 gram of iodine per c.c. ? 

Solution 363.—Every electrolyte is decomposed by the 
passage of the electric current. For every electrolyte, how¬ 
ever, a definite minimum E.M.F. is necessary for the free*^ 
separation of the decomposition products at the electrodes. 
Thif minimum E.M.F. is called the decoinposition-i^tential 
of the electrolyte. If the E.M.F. applied is 4ess tnan the 
decomposition-potential, a current can pass only if the de- 

1S2 
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composition - piodiipts at the electrodes are continuously 
removed by inter-aciion with some substance present in*thei 
solution. In the present case, for example, the hydrogen 
evolved at the cathode is “ depolarised by the iodine in the 
solution with formation of hydrogen iodide. The velocity 
with which this reaction takes place determines the strength 
of the current which flows thi’ough the electrolyte when an 
E.M.F. less than the decomposition - potential is applied. 
According to Nernst’s theory, the velocity of the ohemicaf 
reaction between iodine and hydrogen at the electrode is very 
great, whilst the diffusion of the iodine in the solution, by 
which the supply of iodine at the electrode is maintained, 
takes place slowly. The effective velocity of the depolarising 
reaction is, Jherofore, determined by the velocity of diffusion 
of the iodine to the electrode. 

When the electrode of area A is rf)tated, a layer of solution 
is formed, which clings to the surface of the electrode in con¬ 
sequence of adhesion and rotates with it, The concentration 
of the iodine in this layer diminishes rcgulaily from the value 
c (grams per c.c.), the concentration of the iodine in the rest 
of the solution, to the value 0 at the electrode. The thick¬ 
ness of this adhesion la\er depends on the velocity of rotation. 
If 8 is the thickness of the layer for a definite velocity of 
rotation, then, according to Pick’s law, there difl'uses to ^ho 

electrode in the time dt the quantity of iodine ~ ^^-dt 

0 

grams, where D denotes the diffusion-coefficient of iodine. 
If Mfis the equivalent weight of iodine, the number of 
equivalents of hydrogen depolarised by the diffused iodine is 

dt. In ihe time dt the current C liberates the quantity 

of hydrogen C ’ €' dt, where e denotes the quantity liberated 
by unit current in unit timf^ that is, by unit quantity of 
electricity. In the stationary condition, therefore, 


dt = 


m 


or the required thickness 


DA^ 

MG€ 


[£ C is given in amperes and if c denotes the number of 
ecjuivalents of hydrogen liberated by one ampere in one 
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second, that is, by one coulomb of electiiqity, then D musf be 
/)xp»’essed in cm.^/second. 

In the present example 


1) = gg^^Q = 7‘0 X 10 '’cm.Vseo., A =^0 2 sq. cm., c = 0‘0005 

gm. pero.c., 6' = O’OOl amp., M — 127, e = 

« _ 7'0 X 10 '■ ** X 0‘2 X O’OOOo X Ob-Vllj 
• ^ ^ 127 x 0 001 


= 5*3 X lo cm. 


If the concentration of iodine in the solution is o' instead 
of c, then, if C is the residual current in this cas§, 


C' €‘dt 


lUc' 

m 


dt, 


and 


0'-= 


DAc' 

cS.V 


_ 7-0 X 10 « X 0-2 y 0-0008 x 96540 
5'a‘x‘ iO"''‘“x 127 
« o‘ooi6 Ss^np. 

Problem 364 (cf. preceding* problem). — If the residual 
current in the preceding problem is C -= 0 05 ampere when, 
instead of iodine, the sulphuric acid contains O Oi gqam of 
bromine per c.c., what is the diffusion-coefficient of bromine ? 

Solution 364.—If, instead of iodine, the solution con¬ 
tains bromine of concentration c = 0*01, aKd if the re¬ 
sidual current is C = 0 05 ampere, the equation 


C€ 


t'DAc 

SM 


applies in this case too, if D is the diffusion-coefficient and 
the equivalent weight of bromine. We obtain, therefore, 

_ CeSM __ 0-05 X 5-3 X 10 X 80 
Ac “ 0'2 X 0-01 x"9654F" 


- 1-1 X 10 ^ ® cm. ^second, 
D » 0*95 om.2/day. 
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Radioactivity 


A radioactive substance gradually loses its activity C accord¬ 
ing to the law (Rutherford) 

G = G(fi “ 

or i 

log,C = logeCo - kt. 


O^is the injfial activity, C the activity after tiire t, e the baai 
of the natural logarithms and A a constant for the particular 
substance. 


Radioactivity—Example 

pBOBLEiVi'365. —Ill a .space filled with ladium emanation 
the current .strength under the intiuinice of a strong jwtential 
difference, which i.s sufficient to pioduce a saturation current, 
is, at a definite point of time, 35’4 (in arbitraly units). 
After = 12 hours the current strength has diminished to 
Cj = 32*4, and aftoi — 200 hours to U, = 8‘10. After 
what time has the current strength the value = 10, and 
after what time has it sunk to half its original value ? 

Solution 366.—The current strength at any time is pro¬ 
portional to the amount of radium emanation present at that 
time. The decomposition ol die radium emanation follows 
the exponential law 

a = C^, e - 

Taking logarithms of both sides we obtain 

loR (; = log6'„ - 

The value of k may be obtained from each of the equations 

log C, = Ug C, - 

and 

log 0, = log c. - ^ 

From the former we obtain 


a-81ag^« '2.3 log I®!* 




TsT 


2*3 X 0 0386 

-- 


0-00738, 



RADIO ACT r VITY—E X A M PLE S 


and I'roiA the latter 


2-31oe-*:^» 2-31off^®- 

. = _!£s - 0-00737. 

' «J UOO 200 

The mean valiae of X is, therefore, 0*00738. 

Th6 time, ^g, after which the current strength has the value 
-10, is obtained from the equation 


, 2-3 log I 2-3 log 

7 6-00738 “ 


171 hours, 


and the time, after which the current strength has sunk 
to half its original value, from the equation 


2-3 log 


2-3 log 2 2-8 X 0-801 . 

7^ 0-00738 "’3-8 hom-s. 
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-^Theoretical matter is indicated by ordinary type, solved problems by 
italics, and problems for solution by tlnck type. 

Affinity ot a reaction, 67, 10:1, fil, /OC, UVi; 90^ 181. 

Bimolenular jeactiou, velocity of, 5f; /36‘ , 61. 

Boiling-point, elevation of, 29 ; ,‘iz; 39, 

Degree of association of liquids, 41; 41, 43. 

--- — dissooiuLion of electrolytes, 10.‘1; ■')?. I0f)-I17^ 155; 12 

32 40, 136-142,175-181. 

Density, 14 ; 17. 

— of nnxturea, 14 ; 14 ; 17. 

Diffusion, 182; I8'2. 

Diffusion-potential, 161; 151; 179-181. 

Dilution law, 104 ; 105-117, 136-142. 

Dissociation-constant of elcctmlytes, 104 ; 10 H7; 136-142. 
Dissociation of gases, 7 ; / ; 11. 

Electrode potential, 149 , 154-17,5 ; 175-181. 

Electrolytic dissociation, 108-106 ; IO,'>-in , 142, 

Electromotive force, 119; l,54-17-\: 175181. 

-• — of concentratiou-ccll, 150 ; 1,54, 175. 

-galvanic element. 161 ; 151 ; 175, 

Equilibi'ium-constant, 62; 70-88; 91-96. 

-^aiid temperature, 65 ; 70-88 ; 91 96. 

Equivalent conductivity, 108; 105; 136-142. 

Faraday’s laws, J 00; 102; 1^. 

Pick’s law of diffusion, 182 ; 182, 

Free energy, change of, 67, 158 , 81,156, 162; 96, 181. 

Freezing-point, lowering of, 28; 20; 36. 

Qibba-Helmholtz equation, 163; l^li 178. 

Halting effect of current, 100; 101. 

Heat of reaction, 46; 47 ; 49. 

Hess’s law, 45; 47 ; 49. 

Hydrolysis of salts, 128; 130; 144-148. 

Ionic conductivity, 104; 105^117; 13&<142. 

^ass-aotion, law of, 62; 70-88; 91-96. 

Maximum work, 67,153 ; 81, 156,162; 96, 181. 

Mixture formula, 14, ^0. 

Migration numbers, 117 ; 119 ; 135. 

Molecular oonductivity, 104; 136-142. 

•r- elevatiou of boiling-point, 29; 31; 30. 
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lowohQg of fr«esiiig>poixit, ^; 29; 3P. 
from boiIing-poi^t, 29; 31; 

-- freezing-point, 28; 29; 36. 

« — vapour-pressnret 24 \ 2S ; SSL 

-‘Of hqu^s, 41; 41; 43. 

Mcvnomoleonler ration, velocity of, 53; 65; 60. 
Normal potenty» 150 i 164.176 ; 175-181. 

Ohm’e law, lOOT 101. 

Osmotic pressure, 2; 9; 12. 

Ogidation-redttotion potentie^, 152; 164; 181. 

Partition law, 67; 6r9; 90. 

Quantity of electricity, 100. 

Badioactivity, 185; 165. 

Befraotivity, 19; 20; 21. 

of mixtures, 20; 21; 22. 

Solubility, 121; 122; 142-146. 

— of gases, 68; 90; 98. 

Solubility-product, 121; 122,154.176; 142-146, 176-180. 
Specific conductivity, 108; 105, 122 ; 136-144. 
volume, 14; 14; 17. 

-of mixtures, 14; 14; 17. 

Surface tension, 41; 41; 43. 

Thermochemistry, 45 ; 47 , 49. 

Transport numbers, 117; 119; 136. 

Vapour-pressure, lowering of, 24; 25 ; 32. 

-and temperature, 26 ; 25 ; 82. 

Velocity of migration, 104; 139. 

— — reaction, 63; 55, 108 ; 60, 147. 

-and temperature, 68. 
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